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Abstract 
The building sector is responsible for more than one-third of global energy 
consumption. With increasing global population, the demand for energy efficiency 
buildings and on-site electricity production is rising. Building integrated 
photovoltaics (BIPV) is one of the most promising contributors to net-zero energy 
buildings, while also increasing the aesthetic value of the built environment. 
Among all the transparent solar cells, dye-sensitised solar cells (DSSCs) have 
low production cost, semi-transparency nature and a range of colours for building 
design.  
 This thesis presents an overview of the current energy scenario and future 
prospects, state-of-the-art of photovoltaic technologies and the challenges in 
commercialising new generation solar cells. The first approach here is to find an 
efficient and low-cost alternative photoanode, sensitiser and counter electrode 
for DSSC. The tested materials are high surface area mesoporous TiO2, new 
ruthenium complex (m-HRD-1) sensitiser and Jet nebulizer spray coated CZTS. 
All the obtained results are compared with the commercial materials. Secondly, 
semi-transparent DSSCs are fabricated with different transparencies and their 
colour properties such as correlated colour temperature and colour rendering 
index are evaluated. Moreover, glazing properties and daylight glare analysis are 
studied to assess the possibility of adopting semi-transparent DSSCs into 
building architectures. Finally, a low solar concentrator is placed on the 
transparent-DSSCs to enhance their photovoltaic performance. The internal 
charge transfer mechanism of the DSSCs is also studied to understand the 
impact of the concentrated light. Furthermore, the performance of the 
concentrator coupled devices under different light intensities is studied. 
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 The results presented here provide a fertile base for further investigation, 
which will focus on improving the performance of all the new generation low cost 
solar cells using optical elements with new designs. The target is to improve the 
performance and stability of the transparent solar cell devices and use them as 
BIPV materials to overcome the challenges of the increasing energy demand. 
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Chapter 1: Introduction 
Solar energy is regarded as the most available source on earth because of its 
sufficient amount to cover all human energy consumption. After a brief review of 
energy crisis and importance of renewable energy sources, this chapter gives an 
overview of existing photovoltaic technologies and their market scenario. It also 
presents a review of the state of-the-art of one attractive new type of photovoltaic 
system that mimic natural photosynthesis, dye-sensitised solar cells. Moreover, 
the challenges that the research community facing to make these new devices 
commercialised and their solutions are discussed here. Furthermore, the 
objective and the structure of this thesis is given in detail in the last part of this 
chapter.  
1.1. Motivation 
The law of conservation of energy states that, 
“Energy can neither be created nor destroyed - only converted from one 
form to another” 
 Energy is a key factor in economic development and in providing vital 
services that improve quality of life [1]. According to the recent world energy 
outlook report, primary energy consumption grew by 2.2% in 2017 compared to 
2016 and is expected to reach 18 billion tonnes of oil equivalent (toe) by 2040 [2].  
A third of global energy growth attributed to buildings, the increase in energy use 
in buildings is driven by a combination of growing population and increasing 
prosperity, allowing people to live and work in greater comfort [2,3]. 
 As shown in Figure 1, various fossil fuel resources such as oil, coal and 
natural gas are the largest energy sources for all the sectors as well as regions 
in the world. The non-combusted use of oil, gas and coal, e.g. as feedstocks for 
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petrochemicals, lubricants and bitumen, grows robustly driven by particularly 
strong growth in plastics. The non-combusted use of fuels grows by 1.7% p.a., 
accounting for around 10% of the overall growth in energy demand. Oil-based 
fuels account for around 60% of this growth, followed by natural gas (30%) and 
coal (10%). However, due to the rapid development of modern industrial economy 
and the sharp increase in population, these conventional energy sources have 
been gradually depleted [4].  
 
Figure 1. Primary energy demand by sector (left), and region (right) [2] 
 As shown in Figure 2, the vast majority of the growth in energy used in 
buildings is provided by electricity, reflecting greater use of lighting and electrical 
appliances and the increasing demand for space cooling in much of the 
developing world (Asia, Africa and the Middle East) as living standards increase. 
There is also small increase in gas consumption, which gains share from both 
coal and oil in space heating and cooking [2].  
3 
 
 
Figure 2. Final energy consumption in buildings by fuel 
 Since fossil fuels meet a majority of world energy needs and because 
buildings are a large energy consumer, they are also a major contributor to global 
carbon emissions. It is now largely recognized that addressing energy use in 
buildings can reduce total fossil fuel consumption and associated GHG 
emissions. Benefits such as decreased building operational energy costs have 
prompted growing interest among policy makers, the technical community, and 
the general public in addressing building energy issues and investigating 
solutions for decreasing building energy consumption [5]. 
 The world is blessed with abundant primary energy resources enough to 
meet its present and future development requirements. Even though both 
renewable and nuclear energy can mitigate carbon emissions in the short-run, it 
was proved from the data from 30 countries that only renewable energy can 
achieve carbon mitigation in the long-run [6]. 
 Renewable energy is defined as “energy produced from sources that do 
not deplete or can be replenished within a human’s life time”. As mentioned in 
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the existing literature, renewable energy use can promote economic growth. In 
simple words, the increased uptake of renewable energy is essential from both 
the economic and the ecological aspects [7]. 
 
Figure 3. Global energy by fuel [2] 
 According to the same energy report, renewable energy is the fastest 
growing source of energy account for over 40% increase in energy supplies. With 
its shares in primary energy increase from about 4% now to 14% by 2040 as 
illustrated in Figure 3. In the United Kingdom, renewable energy resources 
generate 27.9% of tolal electricity and solar PV represents a 3.4% share of total 
electricity generation [2]. 
 Among all the renewable energy technologies, solar energy is considered 
as the most powerful energy resource because it is abundant in most part of the 
world. So, the solar power generation is expected to become competitive with 
fossil-fuel power generation within the next few decades [8].  In addition to the 
source abundance, solar energy has another competitive advantage: they can be 
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independent of the grid and therefore are useful in remote areas or for mobile 
applications as shown in Figure 4.  
 
Figure 4. Two examples of the independent use of solar energy in Nepal (a) A 
solar cooker uses the energy of the sun to cook and (b) solar panel empowers 
villagers [9,10] 
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1.1.1.  Aims and Objectives of Research 
Aim 
The aim of this thesis is to enhance the DSSCs efficiency for building integrated 
photovoltaic applications and study the compatability of the system within the 
buildings.    
Objectives 
2. Reviewing the new generation photovoltaic technology, disseminating the 
technology into its multiple constituents and identifying routes to enhance the 
efficiency for applying in wider applications. 
3. Finding alternative materials for cost effective DSSCs. This includes low cost 
metal oxide nanoparticles, sensitisers with high thermal stability, and Pt- free 
counter electrode. 
4. Analysing the colour properties, solar factor, and daylight glare factor of 
transparent DSSCs for different weather conditions to find their suitability in 
BIPV Windows. 
5. Studying the effect of low concentrator on semi-transparent DSSC 
performance to enhance the efficiencey and overcome scaling-up challenge. 
This includes device performance under different light conditions.  
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1.2. Solar energy 
The amount of energy coming from the sun that hits the surface of the Earth every 
year is 10 thousand times bigger than the overall energy consumption. In other 
words, every second the sun delivers 120 petajoules of energy to the earth and 
in 1 hour the sun gives more energy to the earth than the energy consumed by 
humans in an entire year [11]. Even with an energy consumption on the rise, 
especially from newly industrialized countries comprising China, India, Brazil and 
Mexico, the opportunities that are offered by the Sun’s gigantic potential are vast 
and need to be harnessed with no future delay [12]. 
5.1.2. 1.2.1. Solar irradiation 
The sunlight reaching earth has a characteristic spectrum with intensity peaks in 
the visible and infra-red range. It does not have uniform irradiance across 
wavelengths and hence, certain wavelengths have poor irradiance even though 
a solar device may have the capability of absorbing them. The American Society 
for Testing of Materials (ASTM) has set a global reference standard for solar 
spectral distribution [13]. It provides tables for spectral irradiance distributions that 
are used to compare the performances of products and technologies. The total 
integrated irradiance for the so-called hemispherical tilted spectrum is 1000.4 W/ 
m2. In effect, attenuation of sunlight increases with the distance photons have to 
travel through the atmosphere because of photon absorption and scattering. The 
ratio of a solar photon’s path length (L) through the atmosphere divided by the 
thickness d of the atmosphere is defined as the air-mass (AM) coefficient [14,15]. 
AM 0 corresponds to a solar radiation spectrum above the atmosphere of the 
Earth and AM 1.5G designates the total global hemispherical irradiance that is 
commonly used when measuring solar cells. This aspect can be best illustrated 
by the figure below.  
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Figure 5. Solar radiation spectrum for direct light at the top of the atmosphere 
(AM 0) and at sea level (AM 1.5G), the latter corresponding to the standard 
solar reference. A blackbody spectrum at 5250°C and the specific absorption 
bands are also given [15] 
 Solar irradiation can be converted into several energy forms such as heat, 
chemical energy via natural photosynthesis in plants and electricity. Electrical 
energy is indeed the product of a particular transformation which is dubbed as 
photovoltaic (PV) energy conversion [12]. 
5.3. Photovoltaic Technologies 
The term “photovoltaics” (PV) refers to the conversion of sunlight into electrical 
power, gets its name from the process of converting light (photons) to electricity 
(voltage), which is called the PV effect [16]. 
5.3.1. The photo electric effect  
The creation of electric potential between two electrodes attached to a solid or 
liquid system when it is irradiated by light was discovered by French physicist 
Bequerel in 1839. At the beginning of the 20th century, Albert Einstein was able 
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to experimentally explain the photoelectric effect, which led him to win a Nobel 
Prize in 1921. This discovery set a milestone in science for a variety of concepts 
to convert solar radiation into electricity and has opened a new domain of 
alternative energy generation [17]. 
 
Figure 6. The photo electric effect [18]  
 In the 1950s, Bell Laboratories developed the first p-n junction using 
silicon, which reached 6% efficiency. Space was among the first domains where 
solar panels were used – due to their advantageous power-to-weight ratio – and 
this helped the promotion of the technology [12,19].  
5.3.2. PV cells classification 
Several factors including cell material (e.g. silicon, semiconductor compounds, 
sensitiser, electrolyte); cell size (the larger the cell size, the more the individual 
cells transforming into either more voltage or current); intensity and quality of the 
light source, determines the amount of electricity generated.  
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Figure 7. Classification of different generation photovoltaic technologies [20] 
As such, PVs are generally grouped into three categories (Figure 7) based on 
either the active materials (i.e. the primary light-absorbing materials) used for the 
solar cells or overall device structures [21]. 
5.3.3. First generation solar cells 
Wafer- based single crystalline or multi- crystalline silicon (sc-Si and mc-Si) and 
GaAs thin film solar cells belong to the first-generation solar cells. The former two 
accounted for 93% of the global market in 2017 with their best module efficiencies 
being around 22% for sc-Si and 16% for mc-Si [22]. 
 p-n junction is needed in semiconductors to make them as a solar cell. 
This p-n junction is created through dopants. One side of the semiconductor is 
doped with another material at a ratio of about 1 dopant to 1 million original atoms 
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[23] . The ‘n-type’ side of the semiconductor has dopants with one electron in the 
valence band that it wants to shed, and the ‘p-type’ side of the semiconductor has 
dopants that want to incorporate an electron. The ‘n-type’ dopant can be a V or 
VI column material in the periodic table, and the ‘p-type’ dopant is usually a II or 
III column material. In the ‘n’ region, the conductivity of electrons is strongly 
increased, while in the ‘p’ region, the conductivity of electron holes is prevalent. 
This leads to an electrochemical potential that forces electrons from the ‘p-type’ 
region to the ‘n-type’ region and vice versa for the holes in the ‘p-type’ region [24]. 
 
Figure 8. Basic configuration of a p-n junction solar cell [25] 
 When light hits the semiconductor, photons add energy for an electron to 
pass from the ‘p’ side to the ‘n’ side and allow a hole to pass in the opposite 
direction. With an external current path, the electron flows outside the cell, 
generates electricity, and then returns to the ‘p’ side, completing the circuit and 
refilling the hole. The minimum amount of energy required to bump the electron 
from the ‘p’ side to the ‘n’ side of the semiconductor (known as the band-gap) 
corresponds to the depletion zone [26]. A photon lacking the same or more 
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energy than the bandgap does not excite an electron. A photon with more energy 
than the bandgap excites an electron, and the rest of the energy turns into heat. 
This, along with the absorption of light in all other layers of the cell, is the primary 
loss mechanism in a photovoltaic cell. 
 The solar cell is made from one contacted wafer, while the module is a 
panel containing a number of cells wired with each other in an array. These cells 
are covered and protected by glass panes. Thus, modules consist of the cells, 
electrical contacts and wiring between cells and to other modules, and protective 
coverings, with numerous interfaces [27]. 
 
Figure 9. (a) Single cell, (b) panel, and (c) working principle of first generation 
monocrystalline silicon solar cell [28] 
 The most common type of solar cell is made of crystalline silicon. This is 
because silicon is abundant, non-toxic, has an appropriate bandgap of 1.1 eV, 
and respective process technology has been intensively investigated and 
developed for microelectronics [29]. Higher efficiencies have been achieved in 
the laboratory, 26.7% for sc-Si and 28.8% for GaAs [22]. The use of GaAs solar 
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cells is typically restricted to space applications or to concentrator solar cells, due 
to their high cost. Owing to the low absorption coefficient of crystalline silicon, 
thick layers of active material are used [30].  
 The major bottleneck of silicon is its relatively weak absorption of light, 
forcing silicon to be used in a relatively high thickness in order to absorb 
sufficiently. Silicon is generally doped with boron or phosphorus, but this must be 
done in a clean environment to control impurities. Also, silicon is a brittle material, 
which limits the lower bound on its thickness. Because of these thickness 
limitations, the material cost of silicon solar cells is high and can be lowered only 
to a certain extent [29]. 
5.3.4. Second generation solar cells 
Second generation solar cells are based on thin film technologies such as 
amorphous silicon (a-Si), cadmium telluride (CdTe) and copper- indium- gallium-
selenide (CIGS), with thicknesses that are usually 1-2 orders of magnitude lower 
than those wafer-based crystalline silicon solar cells. As a result of the small 
amount of active material needed, lower manufacturing cost and shorter energy 
payback times are achieved. In addition, thin film solar cells offer the possibility 
to be used with flexible substrates. Best laboratory efficiencies are close to 20% 
for CdTe and CIGS and are around 10% for amorphous silicon [19]. 
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Figure 10. Schematic architecture of second generation CdTe, CIGS solar cells 
[29] 
 A thin film solar cell is composed of several layers of different elements. In 
addition to the absorbing layer there is a transparent conducting oxide (TCO) 
layer, a window layer, and rear metal contact layer, etc. The properties of each 
of these layers, the structure of the solar cell and the properties of the interfaces 
between different layers are important factors that influence the actual efficiency 
of the thin film cell [31].  In recent years, the conversion efficiency of thin film a-
Si solar cells has been improved by a number of technologies. The earliest 
amorphous silicon solar cells were used in calculators and digital watches [32]. 
 CdTe and CIGS solar cells are the other types of commercialized thin film 
solar cells. Figure 10 shows a schematic of the structure of a CdTe thin film solar 
cell. CdTe has an excellent theoretical energy conversion efficiency of 29% due 
to its bandgap of 1.5 eV. Because the optical absorption coefficient is 105 cm−1, 
a CdTe layer with a thickness of several μm can absorb 90% of incident photons, 
making it attractive for use in a thin film solar cell [29].  
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 The polycrystalline semiconductor materials of CdS and CdTe have the 
advantage of high chemical stability. Up to 21% energy conversion efficiency has 
been achieved for a laboratory CdTe thin film solar cell. The efficiencies of 
commercial CdTe thin film modules are typically 10–11%. A major advantage of 
the CdTe thin film solar cell over the a-Si and CIGS cells is the simple and low-
cost deposition process required for fabrication of the cell elements. The main 
issue of the CdTe cell is the toxicity of cadmium, which can cause environmental 
problems [33]. 
 CIGS has the best optical absorption coefficient spectrum. Due to its large 
absorption coefficient of up to 105 cm–1 and wide bandwidth, a CIS or CIGS layer 
with a thickness of 1 or 2 μm can absorb most of the photons over almost the 
entire sun light spectrum [29]. Figure 10 shows a schematic of a CIGS thin film 
solar cell. Differing from the a-Si and CdTe cells, the CIGS cell employs a 
substrate configuration. This provides CIS/CIGS cells with flexibility in selection 
of substrate materials because there is no requirement on the light permeability 
of the substrate. For this reason, low-cost substrates can be employed for 
CIS/CIGS cells, which contribute to cost effectiveness of the CIS/CIGS cell. The 
CIS/CIGS cell also employs the heterodyne-junction structure, which consists of 
a substrate, a molybdenum (Mo) back contact film, a CIS/CIGS absorber p-type 
layer with a thickness of 1 μm, a CdS n-type layer with a thickness of 50 nm, and 
a TCO layer. The CIS/CIGS absorber p-type layer and a CdS n-type layer form 
the heterodyne junction. Soda-lime glass is often used as the substrate for the 
CIS/CIGS cell. In addition to its cost effectiveness, the sodium atoms in the soda-
lime glass diffusing from the glass into the CIS/CIGS layer improve the doping 
concentration in the CIS/CIGS absorber layer during the fabrication process. The 
best energy conversion efficiency of a CIGS cell is reported to be 22.9%, and that 
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of a CIGS module is 17.4%.  Since the CIS/CIGS cell is composed of much more 
material elements than a-Si and CdTe cells, more attention toward process 
control is necessary during their fabrication [34].  
 The energy conversion efficiency of a solar cell is mainly determined by 
the properties of the PV material. Among the thin film PV materials mentioned, 
CdTe has the highest theoretical efficiency of about 29%, followed by a-Si (about 
26%) and CIGS (22.9%). A large portion of the overall light energy is lost instead 
of being converted to electrical energy [35]. There are several reasons for such 
energy loss. Which has been explained by Shockley-Queisser limit and will be 
discussed in section 1.4 . 
 Although the amount of thin film cells is growing, there is a downside to 
the growth of some of the cells. The materials used in some thin film solar cells, 
such as Gallium, Indium, and Tellurium, are rare-earth materials and therefore 
expensive. If these cells become popular, the prices will rapidly increase because 
of the diminishing amounts of these rare materials. Continuing research on using 
more common materials in thin film cells and improving their conversion 
efficiencies will allow these cells to become more efficient and less expensive 
[19,29]. 
5.4. Maximum conversion efficiency- Shockley-Queisser limit 
As discussed earlier, the maximum achievable solar energy conversion efficiency 
for a single absorber material was derived by Shockley and Queisser in 1961 [14] 
and is shown in Figure 11. Their calculation was based on the detailed balance 
between incoming radiation, emission by radiative recombination and generated 
photocurrent, assuming an ideal semiconductor with a sharp optical absorption 
edge and infinite carrier mobilities. Under 1.5 G illumination, a maximum 
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conversion efficiency of 33.8% can be obtained using a material with a bandgap 
of 1.34 eV. Several losses contribute to this maximum efficiency limit. The most 
important is due to the trade-off between the number of absorbed photons 
(defining the current generated by the solar cell) and the energy of the 
photogenerated carriers in the absorber (related to the photovoltage of the cell). 
A semiconductor with a bandgap (Eg) absorbs only photons with energy hv≥ Eg 
and the generated carriers rapidly thermalize to the lower energy configuration. 
Therefore, a small bandgap absorber is desirable for harvesting a large fraction 
of the solar spectrum, but most of the energy of the photons is lost in the material. 
A large bandgap semiconductor, on the other hand reduces these thermalisation 
losses, but captures less photons. The maximum efficiency based solely on this 
process for all the materials used in solar cells is shown in Figure 11 [15,19] .  
 
Figure 11. Fraction of the Shockley-Queisser detailed-balance limit (black line) 
achieved by record cells, grey lines showing 75% and 50% of the limit [36] 
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5.5. PV market 
According to the recent report (shown in Figure 12), first and second generation 
solar cells (mono-si, multi-si and thin film PV)  leading the photovoltaic production 
market [37]. The commercial and domestic adoption of photovoltaics as an 
energy source depends on its costs to consumers, and on how it compares with 
that of conventional energy sources. While recent cost reductions of modules are 
a step in the right direction, it is believed that the costs are not yet low enough to 
guarantee substantial uptake of photovoltaics by consumers. 
 
Figure 12. PV production by technology [37] 
 According to Figure 13, for widespread adoption of solar, the costs (in 
USD) of next-generation photovoltaics should probably be reduced to a half or a 
third of the average grid costs (that is, 0.05 to 0.03 USD/kWh; shaded region in 
the Figure 13). This can be achieved, for example, by a module with an efficiency 
of 40% and a cost per unit module area of 160 USD/m2, or a PCE of 30% with a 
module cost of 120 USD/m2. Figure 13 shows the relationship between cost/m2, 
rated module PCE and cost/kWh. These targets assume long-term stability (10–
15 years) and no environmental degradation or negative impact [38].  
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Figure 13. Power conversion efficiencies and module costs for current and new 
generation photovoltaic technologies [38] 
 According to the Shockley–Queisser detailed balance analysis [14], the 
PCE of photovoltaic devices with a single light-absorbing component is capped 
at ∼33%. The first silicon-based solar cell, had PCE of less than 1% [39]; since 
then, owing to advances in materials processing/quality and device 
configurations, PCEs have asymptotically approached the Shockley–Queisser 
limit. The current laboratory record efficiencies for Si is 26.7%, while for GaAs it 
is 28.8% [22]. These record efficiency cells employ bulk crystalline 
semiconductors. 
 Nanoscale systems exhibit different properties than bulk or thin films of the 
same compounds and have allowed new ways of approaching solar energy 
conversion for electricity generation or fuels. The large surface-to-volume ratio of 
nanomaterials can provide various benefits, and, furthermore, objects with a size 
of ∼1–20 nm can also exhibit quantization effects, which become more 
pronounced with decreasing size. Two broad approaches based on 
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nanostructures are being explored for photovoltaics: (1) significant reduction in 
material usage and/or associated final costs; (2) photovoltaic devices with a 
higher limiting efficiency than that determined by the Shockley–Queisser 
analysis. Both approaches, individually or in combination, can lead to significantly 
lower costs per kWh as illustrated in Figure 13. The light blue line represents the 
current laboratory record efficiency for bulk crystal silicon while the blue 
horizontal line is the Shockley–Queisser limit for single-junction devices. Current 
technologies are limited by these efficiencies. Third-generation device concepts 
increase the limiting efficiency (the limit for MEG is indicated as the green line). 
For next-generation technologies, the goal is to reach 0.03–0.05 USD/kWh, 
denoted by the blue shaded region. 
 A given cost/Wp (dashed black lines) can be achieved at a lower efficiency 
if the module costs also decrease, and higher module costs can be tolerated if 
the module PCE also increases. Nanoscale objects provide opportunities to 
revolutionize the conversion of solar energy by enabling highly efficient and low-
cost devices. Challenges associated with demonstrating high efficiency and 
stability are now being addressed in the research community [22]. 
5.6. Third generation solar cells 
The category of third generation solar cells originally comprised of technologies 
that allow achieving ultra-high efficiencies above the Shockley-Queisser limit. 
Examples are tandem or multi-junction cells, intermediate band solar cells, hot-
carrier cells, photon up-or down conversion and concentrator solar cells [40]. 
Emerging technologies with the potential of significantly reducing the cost per 
Watt peak, such as organic solar cells, dye-sensitised solar cells and perovskite 
solar cells, are usually included into the category of third generation solar cells 
[41]. These cells are considered as promising technology especially in building-
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integrated PV market for the future due to its transparency, easy process, low 
production cost, flexibility and high efficiency, but their long-term stability is not 
yet high enough to be competitive. However, they have the potential to become 
more efficient than silicon cells through better light trapping and material selection 
[42].  
 
Figure 14. Transparent, flexible and multi-colour third generation solar cells [43] 
5.6.1. Organic Solar Cell 
A typical organic photovoltaic device consists of one or several photoactive 
materials sandwiched between two electrodes. Figure 15(a) depicts a typical 
bilayer organic photovoltaic device. In a bilayer OPV cell, sunlight is absorbed in 
the photoactive layers composed of donor and acceptor semiconducting organic 
materials to generate photocurrents. The donor material (D) donates electrons 
and mainly transports holes and the acceptor material (A) withdraws electrons 
and mainly transports electrons [44]. As depicted in Figure 15(b), those 
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photoactive materials harvest photons from sunlight to form excitons, in which 
electrons are excited from the valence band into the conduction band (Light 
Absorption). Due to the concentration gradient, the excitons diffuse to the 
donor/acceptor interface (Exciton Diffusion) and separate into free holes (positive 
charge carriers) and electrons (negative charge carriers) (Charge Separation). A 
photovoltaic is generated when the holes and electrons move to the 
corresponding electrodes by following either donor or acceptor phase (Charge 
Extraction) [45]. 
 
Figure 15. Schematic representation of  (a) a typical bilayer organic photovoltaic 
device and (b) electricity generation [46] [47] 
 A primary advantage of OPV technology over inorganic counterparts is its 
ability to be utilized in large area and flexible solar modules, specially facilitating 
roll-to-roll (R2R) production. Additionally, manufacturing cost can be reduced for 
organic solar cells due to their lower cost compared to silicon-based materials 
and the ease of device manufacturing. However, to catch up with the performance 
of silicon based solar cells, both donor and acceptor materials in an OPV need to 
have good extinction coefficients, high stabilities and good film morphologies. 
Since the donor plays a critical role as the absorber to solar photon flux, donor 
materials require wide optical absorption to match the solar spectrum. Another 
basic requirement for ideal donor/acceptor is a large hole/electron mobility to 
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maximize charge transport [48]. The significant improvement of OPV device 
performance has been accomplished by introducing various OPV architectures, 
such as bulk-heterojuction (BHJ) and inverted device structures, and developing 
low band gap conjugated polymers and innovative organic small molecules as 
donor materials.[46]  
 As DSSCs are the major focus of this work, they will be covered in more 
detail including the device architecture, working principle, research trend, 
applications in different sectors and different challenges in commercialisation are 
discussed in the upcoming sections. 
5.7. PV technologies: A state-of -the-art 
Table 1 summarizes the state-of-the-art for the different photovoltaic 
technologies.  
Table 1. Types of single‐junction terrestrial cell and submodule efficiencies 
measured under the global AM1.5 spectrum (1000 W/m2) at 25°C (IEC 60904‐3: 
2008, ASTM G‐173‐03 global) [22] 
Type of solar cell 
PCE 
(%) 
Active
area 
(cm2) 
Voc 
(V) 
Jsc 
(mA/cm2) 
FF 
(%) 
First Generation 
Silicon 
Crystalline cell 26.7 ± 0.5 79.0 0.738 42.65 84.9 
Multicrystalline cell 22.3 ± 0.4 3.92 0.67 41.08 80.5 
Sub-module 21.2 ± 0.4 239.7 0.687 38.50 80.3 
GaAs (cell) 28.8 ± 0.9 0.99 1.122 29.68 86.5 
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III‐V cells 
 
GaAs 
(multicrystalline 
cell) 
18.4 ± 0.5 4.01 0.994 23.2 79.7 
InP (crystalline 
cell) 
24.2 ± 0.5 1.00 0.939 31.15 82.6 
Second Generation 
CIGS Cell 22.9 ± 0.5 1.04 0.744 38.77 79.5 
CdTe Cell 21.0 ± 0.4 1.0623 0.875 30.25 79.4 
CZTS Cell 10.0 ± 0.2 1.113 0.708 21.77 65.1 
Silicon 
Amorphous cell 10.2 ± 0.3 1.001 0.896 16.36 69.8 
Thin film mini-
module 
10.5 ± 0.3 94.0 0.492 29.7 72.1 
Third Generation 
Perovskite 
 
Cell 20.9 ± 0.7 0.991 1.125 24.92 74.5 
 Mini-module 17.25 ± 0.6 277 1.070 20.66 78.1 
 Sub-module 11.7 ± 0.4 703 1.073 14.36 75.8 
Dye- 
sensitised 
 
Cell 11.9 ± 0.4 1.005 0.744 22.47 71.2 
Minimodule 10.7 ±0.4 26.55 0.754 20.19 69.9 
Sub-module 8.8 ±0.3 398.8 0.697 18.42 68.7 
Organic 
Cell 11.2 ± 0.3 0.99 0.780 19.30 74.2 
Mini-module 9.7 ± 0.3 26.14 0.806 16.47 73.2 
 
5.8. Dye sensitised solar cells (DSSCs) 
The invention of the dye-sensitised solar cells has opened new prospects to the 
photovoltaic applications. The structure, working principle, different types, charge 
transport mechanism, efficiency limitations and research progress are discussed 
in this section. 
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5.8.1.  Structure and working principle 
The conventional dye-sensitised solar cell (DSSC), first reported in 1991 by 
O’Regan and Grätzel, takes its inspiration from the natural process of 
photosynthesis [49]. The structure of a dye sensitised solar cell mainly consists 
of three major components, namely: the working electrode which is usually a dye 
molecule coated nanocrystalline porous oxide film (usually TiO2) deposited on a 
transparent conductive oxide coated substrate, the counter electrode which is 
often a platinum-coated TCO deposited substrate and an electrolyte containing 
usually an I- /I3- redox couple. Figure 16  illustrates the components in a typical 
DSSC [50]. 
 
Figure 16. Schematic representation of the device configuration for a liquid 
DSSC [25] 
 The working principle of the DSSC is based on the absorption of photons 
and excitation of the dye, followed by fast electron injection in to the conduction 
band (CB) of the TiO2 surface. Dye molecules absorb the incident photons and 
get excited from a low-energy state (HOMO) to a high-energy state (LUMO). The 
excited state of the dye molecule is capable of injecting electrons in to the CB of 
the TiO2 particle [51]. The oxidized dye is then regenerated and becomes ready 
for the next excitation by obtaining electrons from the redox electrolyte converting 
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iodide (I-) into tri-iodide (I3-). The electrons injected to the CB of TiO2 percolate 
through the TiO2 particles in the film until they are collected at the TCO contact 
of the photoelectrode and are fed into the external circuit. The tri-iodide species 
(I3-) are converted back to iodide (I-) via the platinum catalyst at the counter 
electrode by the electrons travelled through the external circuit [50]. Dssc working 
mechanism is given below, 
Dye + photon → Dye*                              (Excitation process) 
Dye*+ TiO2 → e-(TiO2) + Dye+                           (Injection process) 
e-(TiO2) + C.E → e- (C.E) + electrical energy  (Energy generation) 
Dye+ + 
3
2
 I- → Dye + 
1
2
 I3-                             (Dye regeneration) 
1
2
 I3- + e- (C.E) → 
3
2
 I- + C.E                            (Electron regeneration) 
5.8.2. Charge Transport in DSSC  
As discussed earlier, energy level and device operation of DSSCs is given in 
Figure 17. The sensitizing dye absorbs a photon (energy hν), the electron is 
injected into the conduction band of the metal oxide (titania) and travels to the 
front electrode. The oxidized dye is reduced by the electrolyte, which is 
regenerated at the counter-electrode (not shown) to complete the circuit. VOC is 
determined by the Fermi level (EF) of titania and the redox potential (I3−/I−) of the 
electrolyte [52]. 
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Figure 17. Charge transfer kinetics in DSSC [53] 
 The electron injection from Ru-sensitiser into the TiO2 conduction band is 
taken place in femtoseconds up to 150 picoseconds, compared with decay of 
excited state of the dye to the ground state, which is given by the excited state 
lifetime of the dye, typically 20-60 ns for Ru-based DSSCs. The regeneration of 
the oxidized dye by the electron donor (mostly iodide in electrolyte) is in the 
microsecond time domain. For a turnover number, that is, the cycle life of the 
sensitiser in the DSSC device, to be above 108, which is required for a DSSC 
lifetime of 20 years in outdoor conditions, the lifetime of oxidized dye must be 
>100 s if the regeneration time is 1 µs. The back-electron-transfer process 
(recombination via dye) from the conduction band of TiO2 to the oxidized 
sensitiser occurs on a microsecond to millisecond time scale [54], due to the 
electron density in the semiconductor and thus the light intensity. Recombination 
of electron in TiO2 via acceptors in electrolyte (tri-iodide) is normally referred to 
as the electron lifetime, which is very long (1-20 ms under 1-sun light intensity) 
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for iodide/triiodide system compared with other redox system used in DSSC, 
explaining the success of this redox couple.[16] 
5.8.3.  Solid-state DSSC  
In the solid-state counter part of the DSSC, the liquid electrolyte of the 
conventional liquid based DSSC is replaced by a solid-state hole-transport 
material (HTM) and as a result of there are some structural differences in the 
device design (see Figure 18). The basic principles of device operation remain 
identical, where the oxidized dye is regenerated by hole injection into the solid 
HTM, which transports the holes to the back contact completing the external 
circuit. 
 
Figure 18. Schematic representation of the device configuration for a solid-state 
DSSC [25] 
 Unlike a liquid DSSC which has a sandwich configuration between two 
separate TCO substrates as electrodes, ssDSSCs are based on a monolithic 
design built on a single TCO substrate with the back contact deposited by thermal 
evaporation of silver or gold directly on the solid HTM layer. An additional 
advantage of separating the processes of light absorption and charge separation 
from charge-transport has allowed the individual components making up the 
DSSC to be optimized and improved. This has lead to significant improvement in 
the solar-to-electrical power conversion efficiencies (PCE) of devices over the 
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years as a direct result from the Implementation of new and tailored materials 
[25]. For the conventional DSSC configuration, the highest PCE of 12.3% have 
been achieved so far. DSSCs with different architectures have been made and 
their landmarks are given in the Figure 19. 
 
Figure 19. Different laboratory scale DSSCs and their landmarks [55] 
5.8.4. Flexible DSSCs 
Although DSSCs fabricated on TCO coated glass have achieved efficiencies over 
12%, there is a great deal of interest in cheaper, flexible solar cells using 
transparent indium tin oxide (ITO) coated plastic (usually polyethylene 
naphthalate (PEN) and polyethylene terephthalate (PET)) and thin metal foil 
based substrates in place of the glass [50]. Table 2  demonstrates flexible DSSCs 
configurations and their performance. Liquid and quasi solid electrolytes have 
been used for the fabrication of flexible devices. Moreover, different substrates 
such as Ti foil, PEN, and Stainless steel have been used and their power 
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conversion efficiencies have been reported as 7.2%, 8.1% and 8.3% respectively 
(Table 2). 
 
 
 
Table 2. Flexible DSSCs with their performance parameters  
Device configuration Electrolyte 
Solar Cell Parameters 
Ref. Jsc 
[mA/cm2] 
Voc 
[volts] 
FF 
[%] 
PCE 
[%] 
Ti/TiO2/N719/electrolyte/ 
Pt/ITO 
redox iodide 
electrolyte 
13.6 0.78 68.0 7.2 [56] 
PEN/ITO/TiO2/N719/ 
electrolyte/Pt/ITO 
redox iodide 
electrolyte 
14.5 0.75 75.0 8.1 [57] 
StS/ITO/TiO2/N719/ 
electrolyte/Pt/ITO 
redox iodide 
electrolyte 
16.4 0.75 67.9 8.3 [58] 
PET/StS/TiO2 
nanoparticle/dye/  
TiO2 fiber/electrolyte/ 
PPy nanoparticle/StS foil 
gel 
electrolyte 
5.1 0.74 73.0 2.8 [59] 
 
5.8.5. Efficiency limitations of DSSCs  
The theoretical maximum of output photovoltage, VOC, in typical DSSCs is 
determined by the potential difference between the conduction band bottom of 
semiconductor photoelectrode and the potential of the redox species in 
electrolyte. In the case of TiO2 and iodide/tri-iodide, this energy difference is near 
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0.9 V. An overpotential of 0.2 V is believed to be least for an efficient injection of 
electron from exited dye into the conduction band of TiO2 film, and another 0.3 V 
over-potential is estimated for the regeneration of the oxidized dye [60]. Hence 
the energy gap of the dye greater than 1.4 eV can provide a sufficient driving 
force for the generation of high JSC. Supposing 90% of the incident photons with 
energy larger than the energy gap are absorbed, JSC of 30 mA/cm2 could be 
achieved and an energy conversion efficiency of 18% is expected to be obtained 
by current available technology to realize VOC of 0.8 V and FF of 0.75, 
simultaneously [61]. For further improvement of the efficiency, one way is to 
develop tandem DSSCs by tuning each junction to convert UV-visible light and 
NIR light into charges, respectively, which can utilize high-energy photons more 
efficiently. 
5.8.6. DSSC research trend  
Since 1991, different DSSCs have been tried with different components to 
improve the efficiency, cost effectiveness and long-term stability. It can be seen 
from the Figure 20 that a rapid increase in number of publication since its 
introduction in 1991. Especially in this decade, the scientific community has 
realised the multifunctional applications of DSSCs.   
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Figure 20. A statistical graph of the number of publications related to the 
DSSCs per year since 2000 (*2018- till 17th December). Data were obtained 
from the web of knowledge using the keyword “dye sensitised solar cells”) 
 Research is still intensive with several research groups working in the 
fields of electrical, chemical, material, and metal engineering in order to find the 
proper set of materials and the best DSSC architectures [61]. Despite the 
commercialisation of DSSCs, still there are issues need to be solved to make this 
cost-effective technology more competitive with other generation PV 
technologies in the market. For that reason, these devices need to be studied for 
more applications, one such application is building integrated photovoltaics. 
 The advantage of transparent DSSCs over opaque cells is, these 
transparent DSSC modules can be used for building integrated applications to 
provide electricity and daylighting simultaneously. A semi-transparent PV 
material is used for the windows to allow natural lighting while keeping the solar 
gain low.  
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Figure 21. Schematic illustration of the advantage of transparent dye-sensitised 
solar cell over silicon solar cell 
5.9. Building integrated photovoltaic technologies 
PV systems used on buildings can be classified into two main groups: building-
applied PVs (BAPVs) and building integrated PVs (BIPVs).  
5.9.1. Building applied photovoltaics 
BAPV systems are regular solar cell systems that are generally installed on top 
of roofs. BAPVs are added to a building and have no direct effect on the structural 
functions [62]. Moreover, the BAPV panels make the buildings lose their 
aesthetics and they mask the beautiful of the building design. Figure 22 shows 
an example of BAPV systems. The amount of electricity production is reduced 
due to the limited roof space. To overcome these challenges, the systems which 
could be integrated into the building architecture have been identified. These 
systems are known as building integrated photovoltaics (BIPV). The overall cost 
of installing BIPV system is lower to a typical PV system [63].  
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Figure 22. Building Applied Photovoltaic systems (BAPV) [64] 
5.9.2. Building integrated photovotovoltaics 
The general principle of Building Integrated Photovoltaics (BIPV) is that PV 
modules are integrated into the building envelope, substituting standard glass 
and other cladding materials with glass/glass laminates encapsulating PV cells 
within. These BIPV modules generate electricity at the ‘point of use’ thereby 
maximizing energy efficiency and eliminate transmission losses. The electricity 
generated using this system is directly feed into the building, making the source 
of energy the sole point of its consumption.  However, they stand a very tough 
competition from the standard silicon panels. Any increase in the electricity prices 
improves the viability of semi-transparent photovoltaic systems. By becoming an 
integral part of the building architecture BIPV can enhance the building energy 
efficiency through electricity generation but also can provide daylight 
transmission and improve the thermal properties of the building facades [65].  
The key features expected of a Building Integrated Photovoltaic system include:  
• Natural integration in the building architecture  
• Modularity  
• Aesthetically pleasing design 
• Conformity with building design and standards 
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BIPV systems can be integrated into different building architectures these include 
windows, vertical glazing, canopies, green houses, curtain walls, roofs, window 
awning, etc. The use of BiPV systems has several advantages and are as follows:  
• Reduction in the investment for displacing the façade  
• Requires little or no energy storage as the point of electricity 
generation becomes the point of consumption 
• Embeds into the building architecture and therefore minimises any 
land use 
• Can form part of communication system for cellular communication 
• Improves the thermal insulation 
The potential market for Building Integrated Photovoltaics is both new 
constructions and refurbishment of existing buildings by retrofitting. The flexibility 
and modularity BIPV products offer makes it easy for them to be applied in any 
kind of building architecture. There is a great need of glass for the growing 
photovoltaic industry [66]. 
 
Figure 23. Different types of BIPV architectures [67–72] 
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 Among the various BIPV products, BIPV windows have been proposed as 
an emerging technology for use in the construction industry [63,73,74]. 
5.9.3. Building-Integrated Photovoltaic Windows (BIPW) 
Building-Integrated Photovoltaic Windows (BIPW) are expected to be an 
innovative glazing technology, which apart from electricity production, are linked 
with the building heating or cooling loads and artificial lighting [75].  The solar cell 
application in BIPV windows can be divided into two types. The first is to make 
BIPV windows using a non-transparent solar cell. In such a case, there is a 
method for producing BIPV windows with a spacing between solar cells to 
achieve transparency. Secondly, there is a method of fabricating BIPV windows 
using a cell with light transparency [76]. 
 
Figure 24. PV glazing systems in building integration [77] 
5.9.4. Limitations in current BIPW materials 
 For glazing application, semitransparency is a precondition [78], as  
natural daylight penetrating through this semi-transparent PV makes the indoor 
environment comfortable. Available PV types for glazing application include 
crystalline silicon, CdTe, a-Si, CIGS, DSSC and perovskite. c-Si has higher 
absorption which restricts light to pass through. There are many studies in the 
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literature where c-Si PV was used to replace traditional glazing at homes or 
buildings. Since these cells are typically opaque, there are also important 
compromises in terms of lighting (shadows in the building interior) and limited 
external view [77,79–81]. Regular distribution of opaque c-Si can offer 
daylighting, however this structure blocks the natural viewing [82]. Thin film 
second generation CdTe [83], a-Si [84] and CIGS are other options for PV glazing 
application. With thin film incorporation in a glass–glass construction, commercial 
products with a transparency up to 50% are available in the market. The 
introduction of this technology provided more homogeneous daylighting of the 
interior spaces compared to crystalline solar cells.  However, light induced 
defects, shortage and toxicity of materials used in a-Si, CIGS, and CdTe 
technologies have limited the opportunity to apply them in glazing application [85]. 
Moreover, the power conversion efficiency is connected to its visual 
transmittance and therefore extensive performance optimization should be 
considered [86–88].   
5.9.5. Advantages of DSSC glazing  
Third generation DSSC is a potential candidate for BIPV applications due to the 
following advantages,  
• DSSCs are insensitive to environment contaminants, which offer them to 
prepare under ambient temperature. Thus, easier fabrication process can 
be adopted such as roll-to-roll, which involves continuous, low-cost 
manufacturing method to print dye-sensitised solar cells on flexible 
substrates [89–91]. 
• DSSCs work even in low light (400-800 W/m2)conditions. Thus for northern 
latitude area where diffuse sun lights are majority over direct sunlight, 
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DSSC based windows are excellent choice for building applications [89–
93]. 
• DSSCs are superior than a-Si:H based PV as the transparency can be 
increased by making use of highly transparent photoanodes and counter 
electrodes. Selecting proper dyes for these devices can provide low eye 
sensitive factor [94–96]. 
• DSSCs have positive temperature effect [97,98]. 
 
 
Figure 25.  Schematic representation of DSSC glazing 
 While many research groups investigate the working principles of DSSCs 
and new developments have been achieved concerning their efficiency and large-
scale applications, new companies founded in the meanwhile try to carry DSSC 
technology in market place evaluating all process steps are needed for industrial 
production.  
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5.9.6. Recent progress in DSSC glazing 
The first report on scale-up of the DSSC was in 1996 by Gratzel’s group, in which 
they reported a solar mini-module with a total surface area of 21.06 cm2 and an 
efficiency of 5.65% with respect to its active area [99]. There are various reports 
on reproducibility, stability, TiO2 deposition methods, and configuration of solar 
modules as mentioned earlier. 
 
Figure 26. Previously investigated DSSCs for BIPV windows [100–104] 
 First ever DSSC glazing was fabricated by series connected 9 unit (80× 
80 mm2 active area) solar cells which offered 60% average transmission between 
500-900 nm [101]. Thermo-optical behaviour of DSSCs made of green and red 
dyes were investigated using WINDOW software, which showed 60% reduction 
of solar gain [105]. Thermo-opto-electrical characteristics of DSSC were 
investigated by Zemax, WINDOW and COMSOL softwares [106].  To evaluate 
the occupant comfort due to the colour property of transmitted solar light, 
correlated colour temperature and colour rendering index for DSSC glazing  was 
evaluated [107]. Recently, DSSC glazing was monitored for two years in outdoor 
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exposure at Hanbat National University, Republic of Korea (36.20° N, 127.18° E), 
showed promising outcomes [108]. Another outdoor experiment was also 
performed to study the thermal performance for DSSC glazing which showed 
overall heat transfer coefficient and solar heat gain coefficient for this glazing 
were 3.6 W/m2K and 0.2 respectively [109]. 
 
 Most recently, an analysis of the power performance and the power 
generation characteristics of DSSC (Dye-Sensitised Solar Cell) BIPWs applied to 
a full-scale mock-up at two different installation angles was conducted by Hyo 
Mun Lee et.al. [108]. It was found that, the power performance of the DSSC 
module was similar to that of general PV (Photovoltaic) systems. On the other 
hand, it showed lower power efficiency than the a-Si, c-Si, or CIGS modules. 
Therefore, DSSC requires more installation area to have the same power 
generation as other solar cells.  
 
Figure 27. Power performance analysis of a transparent DSSC BIPV window 
based on 2-year measurement data in a full-scale mock-up [108] 
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5.9.7. Colour properties of glazing 
 Spectral power distribution (SPD) of solar radiation in the visible range of 
380 nm to 780 nm is considered as daylight. SPD of natural daylight changes 
with local latitude, weather, season, time of day, air bound dust and pollutant 
[110]. SPD of transmitted light into the interior of a room influence the visual 
comfort and colour perception. Glazing transparency, thickness, solar heat gain 
coefficient and overall heat transfer coefficient are the most common investigated 
parameters while colour properties such as correlated colour temperature and 
colour rendering index evaluations are often overlooked.  
 Colour of transmitted daylight through glazing is an influential factor on 
indoor comfort. Correlated colour temperature and colour rendering index are the 
two major components to understand the SPD of transmitted light through glazing 
[111,112]. CCT and CRI are the most aesthetic criteria as they show whether the 
spectrum coming inside through the glazing is suitable for occupant or cross the 
comfort level. They are used to characterize the illumination quality of white light 
[113].  Good quality lighting is an important feature, as the quantity and quality of 
lights are required for wellbeing, health, interpersonal relationships and aesthetic 
taste [114,115]. CRI of a glazing indicates the colour of entering daylight into an 
interior before and after placing a glazing. CRI values can be from 0 to 100 [116] 
where between 80 and 90 are considered to be acceptable [117]. CRI close to 
100-represents true colour perception inside the building, thus, indicates perfect 
visual quality [118,119]. A CCT needs to be equivalent to that of a blackbody 
source at temperatures between 3000 and 7500 K [120]. CCT offers to 
understand whether light is neutral, bluish white or reddish white. CCT for various 
daylight sources are listed in Table 3. 
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Table 3. Correlated colour temperatures for various daylight sources of 
Washington DC USA [121]. 
Daylight source CCT (K) 
Sunlight – sunrise or sunset 2,000 
Sunlight – one Hour After Sunrise 3,500 
Sunlight – early Morning 4,300 
Sunlight – late Afternoon 4,300 
Overcast sky 6,000 
Summer skylight 9,500 to 30,000 
 
 The spectrum of transmitted daylight into an interior space changes due 
to the presence of DSSC glazing. CRI and CCT characterization of DSSC glazing 
is required as these parameters assess human response to colours [110]. For 
glazing, transmission is a dominant parameter which is not constant but varies 
with solar incident angle. The incident angle of sunlight varies with the time of day 
and season. Therefore, building integrated vertical plane DSSC glazing’s 
transmission is significantly different from their normal incidence value. For 
building energy simulation, this variable transmission evaluation is essential to 
predict accurate energy saving calculation.  Glazing transmittance also has a 
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strong correlation with clearness index, and knowing this value helps in building 
energy calculation. To evaluate clearness index, the only measured parameter is 
global horizontal solar radiation. As DSSC is considered to be in wide future as 
one of the future PV glazing materials, its angular transmission behaviour 
variation with clearness index evaluation is essential. [122].  
Table 4. Examples of the developed DSSC modules for window applications 
DSSC 
module type 
Transparency 
(%) 
Module 
performance 
(%) 
Active 
area 
Benefits Issues 
Nine cells in 
series[101] 
60 - 64 cm2 
maximum 
transmittance 
of 67% 
Poor 
fillfactor 
Twenty-nine 
cells in series 
[100] 
Semitransparent 
3.5 
PCE 
505.5 
cm2 
Cost 
effective 
Loss in 
efficiency/ 
Sealing 
issue 
Manual screen 
printing 
(Plain type) 
[123] 
Opaque 
1.02 
PCE 
12.25 
cm2 
Easy 
process, 
Low cost 
Low 
efficiency 
Series 
interconnected 
module of 12 
cells [102] 
Semitransparent 
12x larger 
Voc than a 
single cell 
90.25 
cm2 
High stability 
up to 2000h 
- 
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Glass frit-
sealing 
technology 
- a facade 
panel based 
on DSSC 
[124] 
Semitransparent 4.5% PCE 672cm2 
Successful in 
outdoor test 
Low FF and 
photocurrent 
density 
 
 There are challenges to overcome but the potential benefits are worth the 
efforts. One of those common challenges found from the literature is scaling up 
of DSSCs.  
5.10. Challenges in scaling-up of DSSCs 
Experimental results for small size solar cells cannot directly applied in large 
scale DSSCs as the efficiencies measured for small size solar cells cannot be 
repeated in large scale [125].  Several research groups have tried to overcome 
the challenges of DSSC industrialization,  
Below are referred some of the main issues which have to be taken into account 
before DSSCs go to a production line [125] :  
• Large area deposition of TiO2 layers. The layers have to be homogeneous 
and uniform.  
• New methods for dye staining and electrolyte filling.  
• Electrical interconnection of individual cells. A major factor for limited 
efficiency of the DSSC is the ineffective contacts on FTO glass. The 
external connections of the individual cells are also a problem. 
• Sealing process for modules in case of liquid electrolytes.  
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• Long-term stability of at least 10 years for outdoor use. 
• Evaluation costs, which is believed to be approximately 10% of that 
needed for silicon solar cells. 
 Therefore, in order to apply the BIPV system to the elevation of a building, 
performance loss should be reduced by considering a method that can avoid 
reducing transparency of the system. An effective way to improve the 
performance of such systems is to concentrate the incoming light.  
5.11. Building integrated concentrating photovoltaics (BICPV) 
Concentrating photovoltaic (CPV) systems make use of optical components 
which concentrate the incoming sunlight and focus it on solar cells. The 
concentrated light reaching the solar cell magnifies the production of energy 
several times. These optical components often referred to as concentrators, 
make use of reflective/ refractive principles of optics, individually or in 
combination for concentrating the sunlight. Incorporating the concentrating 
photovoltaics into any part of the building architecture is referred to as building 
integrated concentrating photovoltaics (BICPV) [65]. 
5.11.1. Reflecter based concentrator system 
Low concentration photovoltaic modules use mirrors to concentrate sunlight onto 
a solar cell. Often, these mirrors are manufactured with silicone-covered metal. 
This technique lowers the reflection losses by effectively providing a second 
internal mirror. The angle of the mirrors depends on the inclination angle and 
latitude as well as the module design, but is typically fixed. Figure 28 shows a 
simple V-shaped trough inclined at a certain angle. Some part of energy is lost 
from the incoming light when the reflecting mirrors redirect the light to the solar 
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cell. This is commonly specified as specular loss. Based on this concept, several 
CPV systems have been developed. 
 
Figure 28. Reflective optics concept of CPV system [126] 
5.11.2. Classification of CPV systems 
The most common classification of CPV modules is by the degree of 
concentration, which is expressed in number of "suns". E.g. "3x" means that the 
intensity of the light that hits the photovoltaic material is 3 times than it would be 
without concentration [126].  
Table 5 Classification of CPV systems basen on the degree of concentration 
 
Low 
concentration 
Medium 
concentration 
High concentration 
Degree of 
concentration 
2-10 10-100 >100 
Tracking need No tracking 1-axis tracking Dual axis tracking 
Cooling need No cooling Passive cooling Active cooling 
PV material Crystalline Si Silicon/thinfilm 
Multijunction cells 
(InGaP) 
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5.11.3. Development of concentrator systems for BIPV 
In the last few decades number of such applications have been demonstrated 
using silicon solar cells [127–129]. But there have been little studies carried out 
on the influence of concentrating light on the DSSC performance. The application 
of an optical lens-based solar concentrator system mounted on top of DSSCs still 
poses several challenges in terms of efficiency, cost-effectiveness of optical 
design, and the provision of uniform and concentrated illumination on a DSSC 
[130]. Furthermore, various complex phenomena including light scattering, 
recombination of electron-hole pairs, and dye degradation in the photoactive 
layers of DSSCs can occur when the intensity of incident light is increased by a 
solar concentrator [131]. 
 
Figure 29. Current BICPV technologies (a) solar CPV farm and (b) recently 
designed solar squared glass block [132,133] 
5.11.4. Concentrating systems for DSSC 
 A considerable amount of research has been conducted recently on 
increasing the electrical efficiency of DSSCs and their modules [134–136]. Moon 
et al. [137] employed concentrated illumination using a condenser lens up to 3.72 
suns on a DSSC and it was found that an increase in photocurrent and efficiency 
values. Choi et al. [138] used condenser lens for a vertical stacked- cell 
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configuration DSSC in to increase the efficiency and at 8 mm separation distance 
between the lens and the cell, the device efficiency increased from 2.5% to 8.3%.  
Barber et al.[139] proposed a concentrator for a hybrid silicon-DSSC system with 
two different optical filters for visible and IR absorption to achieve about 20% 
efficiency. More recently, Sacco et al.[140] demonstrated the application of a 
solar concentrator both in indoor and outdoor working conditions. The outdoor 
results show a linear behaviour for solar concentration factors up to 1.5. However, 
the LCPV has not been used on DSSC before. 
 
 
Figure 30. Hybrid concentrator arrangement used in outdoor testing by  
Barber et.al [139] 
 Based on the knowledge acquired from the literature, it was found that the 
concentrator system could be coupled on the DSSC to improve the performance 
of the device to solve the scale up issue for building integrarated applications. 
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5.12. Research question 
Considering the knowledge gaps identified in the literature, A few major research 
questions were raised as follows:  
• Can DSSCs be used as BIPW material? Can their colour properties be 
compared to the available commercial glazing materials? 
• How much optical concentrators can improve DSSC performance? How 
does the charge transfer properties change under high light intensity?  
 This thesis covers several separate disciplines and the structure of the 
thesis shows the consideration given to each of these and the progression of the 
work through them. 
5.12.1. Structure of the thesis 
Chapter 2 provides a detailed account of the materials and methods which were 
used in the experimental work to fabricate DSSCs. This includes the synthesis 
and characterization of the new materials, solar cell fabrication and measurement 
of photovoltaic performance of the devices.  
Chapter 3 introduces three simple and low cost approachs for cost effective 
DSSCs 1. Mesoporous TiO2 as photoanode material, 2. m-HRD-1 as sensitiser, 
and 3. CZTS thinfilm as counter electrode. The material properties and PV 
performance in DSSCs of the new materials are studied and compared with the 
devices made from commercial materials in this chapter.  
Chapter 4 reports the possibilities of using semi- transparent DSSCs as building 
integrated photovoltaic windows. DSSC glazing transparency, correlated colour 
temperature and colour rendering index, solar heat gain coefficient, clearness 
index and daylight glare analysis in different climatic conditions are evaluated and 
compared with standard double and vacuum glazing systems in this chapter. 
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Chapter 5 introduces a low solar concentrator with 3× optical concentration and 
4× geometrical concentration unit for DSSCs. PV performance, charge transfer 
parameters of the concentrator coupled transparent devices are investigated and 
compared with their bare counterparts. Moreover, performance of the low 
concentrator- DSSC system under low light conditions is also studied. 
Chapter 6 offers the summary of the key findings in the present work along with 
recommendations for the future work.  
 As this thesis is focused on analysing the nano structured new generation 
solar cells for building applications and enhancing the device efficiency, findings 
and contribution from this thesis to this technology will be useful in developing 
zero energy buildings with low costs and less environmental impacts.  
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Chapter 2: Experimental methods 
This chapter is divided into two parts: the first section introduces the employed 
materials and their synthesis as well as characterization techniques. The second 
section describes the device fabrication and its characterization methods. This 
chapter also lists the equipment used to carry out this work, this includes the 
software packages as well.  
2.1 Materials 
All materials were purchased from commercial suppliers and used as received, 
unless stated otherwise. 
2.1.1. Photoanode materials 
Substrates 
The substrate of the photoanode serves as a collector for the photogenerated 
electrons and has therefore to be well conducting. It should also form an ohmic 
contact with the dye adsorbed semiconductor layer but should show a large 
overvoltage for reduction of the redox electrolyte to minimize the dark current 
[141]. For this work, Fluorine – doped transparent conducting SnO2 (FTO) glass 
substrates obtained from Pilkington (TEC) [142] or Solaronix [143] were used as 
glass substrates. Substrate glass parameters are given in Table 6.  
Table 6. Parameters of the TCO glass used for fabricating DSSCs 
Glass code 
Thickness 
(mm) 
Resistance 
(Ω/sq) 
Transmission 
@550 nm (%) 
NSG TEC™ A7 2.2 13 82 
TCO22-15 2.2 15 81 
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 FTO glass substrates were cut and rinsed in distilled water. The substrates 
were purified by subsequent sonification in various solvents (1 x Hellmanex® (2 
% in water), 2 x ethanol, 2 x DI water, 2 x ethanol) for 15 min in each solvent. 
Finally, the cleaned substrates were stored in pure ethanol.  
TiO2 pastes 
Mostly two types of TiO2 pastes were used having 20 nm TiO2 nanoparticles and 
400 nm TiO2 microcrystalline particles respectively as the transparent and the 
light-scattering layers of the working electrode. Both transparent (18NR-T) and 
active opaque (18NR-AO) pastes were purchased from Greatcell Solar (Dyesol) 
Ltd [144]. 
 
Figure 31.  Transparent (left) and active opaque (right) pastes from Dyesol 
 In section 3.2, titania paste was prepared and printed on the photoanodes. 
The following synthesis procedure was used.   
TiO2 nanoparticle synthesis  
Titanium isopropoxide (98%), absolute ethanol (99.99%), cetyl 
trimethylammonium bromide (CTAB), sodium dodecyl sulfate (SDS), α-terpineol, 
ethylcellulose, tetrabutylammonium iodide (TBAI), iodine, N-
methylbenzimidazole (NMB), acetonitrile (ACN) and 3-methoxypropionitrile 
(MPN) were purchased from Sigma-Aldrich. Dodecyl trimethylammonium 
bromide (DTAB) was purchased from Fisher scientific.  
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 The mesoporous TiO2 samples were synthesized using a soft template 
method with titanium isopropoxide as a titanium source. Various cationic 
surfactant molecules like CTAB, SDS, and DTAB were used as templates. CTAB, 
SDS, DTAB, titanium isopropoxide (TTIP) and ethanol were of high pure grade 
and obtained from Sigma-Aldrich. P25, a commercial titania powder with a grain 
size of 21 nm was used for comparison purposes. I present here the synthetic 
methodology for a representative case of CTAB-templated mesoporous TiO2. A 
definite weight (3.64 gm) of the cationic surfactant CTAB was taken in a round-
bottomed flask and was dissolved in a mixture of de-ionized water and absolute 
ethanol in a volume ratio of 4:1. To this solution, 14.31 ml of TTIP was added 
dropwise with continuous vigorous stirring. The resulting gel was then 
continuously stirred for several hours. The precipitate was then filtered by 
centrifugation process using water then finally ethanol. The powder was taken 
out and calcination was done at 450 °C for 5 h to remove the soft template and 
to increase the cross-linking of the inorganic framework [145]. A similar procedure 
was followed for the synthesis of SDS and DTAB templated mesoporous TiO2 in 
the same molar ratios. 
TiO2 paste preparation 
The paste was prepared by the addition of the organic agents α-terpineol as a 
dispersant, ethyl-cellulose as a binder in synthesised TiO2 nanoparticles. The 
exact composition of the paste was as follows: synthesised mesoporous TiO2 
(2g), α-terpinol (1 ml), ethyl-cellulose (0.20 g). First ethyl cellulose was added 
with ethanol and heated at 80°C to get gel form, then gel was added to TiO2 
powder in a mortar, finally α-terpinol was added dropwise while grinding the paste 
[146]. For comparison purpose, 21 nm P25 commercial titania powder was 
received from Sigma Aldrich and the same paste composition was followed. 
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Photoanode preparation 
Firstly, to make blocking TiO2 layer, cleaned FTO substrates were dried and 
immersed into 40 mM aqueous TiCl4 solution at 70 °C for 30 minutes then washed 
with distilled water and ethanol. After drying in the air, a layer of 20 nm transparent 
TiO2 paste was coated on the FTO glass by a manual screen printer (Mascoprint 
Developments Ltd, 120T mesh/inch) and dried for 6 min at 125 °C. This screen 
printing procedure (coating, storing and drying) was repeated (4 layers) to get an 
appropriate thickness of 10-12 μm for the working electrode. Then one layer of 
TiO2 paste containing 400 nm sized anatase particles was screen printed, 
resulting in a light-scattering TiO2 film of 2.5–3 μm thickness on transparent titania 
layers [147]. In order to get crystallization and to remove the organic particles, 
prepared thin films were annealed rapidly at 150, 250, 350 and 450°C for 10, 10, 
10 and 30 minutes respectively. The TiO2 “double-layer” film thus produced is 
once again treated with 40 mM TiCl4 solution, as mentioned previously, then 
rinsed with water and ethanol and sintered at 500 °C for 30 min. The electrodes 
were cooled to 80 °C and ready for dye sensitization process. 
 
Figure 32. Mascoprint manual screen printer (b) screen used in this work 
 
55 
 
 For transparent DSSC fabrication, TiCl4 solution treatment was not used 
in order to minimize the photoanodes transparency loss. The screen printing 
procedure of 20 nm transparent titania paste was also repeated (2-7 layers) to 
get different thicknesses for the working electrode (Devices labelled as L2-L7). 
Finally, the transparent electrodes were annealed as mentioned above.  
 
Figure 33. Temperature program used for sintering titania electrodes 
2.1.2. Sensitiser 
As discussed earlier, the sensitiser is a key component of the dye solar cell, which 
captures energy from the incoming light and injects electrons into the conduction 
band of the metal oxide [148]. Two types of sensitisers are used in this work. 
Ruthenium (N719) 
Dyes from the ruthenium family have been found to be ideally suited for the 
sensitization of TiO2 in dye solar cells. Mostly ruthenium sensitiser (N719) was 
used in this work. The molecular structure of N719 is given in Figure 34. 
Ruthenizer 535 bis-TBA sensitiser was received in solid form from SOLARONIX 
[149]. The dye solution (0.2 mM) was prepared in absolute ethanol.  
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Figure 34. (a) Ruthenizer 535 bis-TBA from solaronix, and (b) Molecular 
structure  
A new heteroleptic Ruthenium(II) polypyridyl complex having an extended 
-conjugation (m-HRD-1) 
The new sensitiser m-HRD-1 was designed and synthesised by Dr. Giribabu’s 
group (CSIR-IICT, India) and used as received in one part (section 3.3) of this 
thesis. The synthesis molecular structure of the newly designed complex is 
presented here. 
Synthesis of 5-(3,5-di-tert-butylphenyl)thiophene-2-carbaldehyde (1) 
3,5-di-tert-butyl bromobenzene (942 mg, 3.5 mmol) was dissolved in 40 ml of dry 
toluene, to which CsCO3 (393.6 mg, 1.2 mmol), Pd(PPh3)4 (0.25 equivalents) and 
5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)thiophene-2-carbaldehyde (1.86 
g, 7.8 mmol) were added. The reaction mixture was then refluxed under nitrogen 
atmosphere for 12h. After cooling to RT, the crude mixture was purified using 
silica gel column EtOAc/Hex (1:4 v/v) to provide the desired product (90% yield). 
Anal. Calcd. For: C19H24OS % (300.460): C, 75.95; H, 8.05; N, 5.32. Found: C, 
75.92; H, 8.03; N, 5.30. ESI-MS (m/z): C19H24OS [300.460]: M 301 (100%). 1H 
NMR (CDCl3, δppm): 9.85 (s, 1H), 7.70 (m, 1H), 7.45 (m, 3H), 7.35 (m, 1H), 1.35 
(s, 18H).  
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Synthesis of 4,4'-bis-2-(5(3,5-di-tert-butylphenyl)thiophene-2-yl)vinyl)2,2'-
bipyridine (3) 
This ligand was synthesized by using Wittig-Horner’s reaction [150]. NaH (360 
mg, 15 mmol) was added to a solution of 2,2’-bipyridine-4,4’-diphosphonate (1.5 
g, 3.5 mmol) and 5-(3,5-di-tert-butylphenyl)thiophene-2-carbaldehyde (1) (0.51 g, 
7.8 mmol) in 150 ml of dry tetrahydrofuran (THF). The resulting mixture was 
refluxed overnight under nitrogen atmosphere. The reaction mixture was allowed 
to cool to room temperature and filtered the compound. The filtrate was 
concentrated and the solid was washed with methanol and dried to obtain the 
desired product in pure form of 75% yield. Anal. Calcd. For: C50H56N2S2 % 
(749.132): C, 80.17; H, 7.54; N, 3.74. Found: C, 80.20; H, 7.52; N, 3.70. ESI-MS 
(m/z): C50H56N2S2 [740.132]: M 750 (100%). 1H NMR (CDCl3, δppm): 8.65 (d, 
2H), 8.50 (s, 2H), 7.55 (d, 2H), 7.42 (s, 4H), 7.35 (s, 2H), 7.32 (d, 2H), 7.20 (d, 
2H), 7.15 (d, 2H), 6.95 (d, 2H), 1.42 (s, 36H). 
Synthesis of Ru(L)(p-cymene)(Cl)2 
 A mixture of 3 (0.38 g, 1.25 mmol) and [Ru(Cl)2-(p-cymene)]2 in 
ethanol:chloroform (8:2 v/v) was refluxed for 4 hours under nitrogen atmosphere. 
Evaporation of the solvent under reduced pressure produced the pure complexes 
as an orange solid.    
Synthesis of m-HRD-1 
 The above p-cymene complex (1.24 mmol) and 4,4’-dicarboxy-2,2’-bipyridine, 
(L) (0.303 g, 1.24 mmol) in anhydrous DMF (75 ml) were heated to 140 oC for 4 
hours under nitrogen atmosphere and in the dark. NH4SCN (1,5 g, 19.7 mmol) 
was then added to the mixture and heating was continued for 4 h. After cooling 
to room temperature, DMF was evaporated and water was added. The resulting 
purple solid was filtered and washed with water. The crude complex in basic 
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methanol [with tetrabutyl ammonium hydroxide (TBAOH)] was further purified on 
a Sephadex LH-20 column with methanol as eluent. The main band was 
collected, concentrated, and precipitated with dilute acidic methanol to obtain 
pure desired complex. Anal. Calcd. For: C80H99N7O4RuS4 1(TBA) % (1452.02): 
C, 66.17; H, 6.87; N, 6.75. Found: C, 66.20; H, 6.20; N, 6.72. ESI-MS (m/z): 
C80H99N7O4RuS4 1(TBA) [1452.02]: M+1 1453 (5%).  
 
Figure 35. Synthetic scheme of m-HRD-1. 
 The details of the synthetic strategy adopted for the synthesis of m-HRD-
1 are shown in Figure 35. The compound 5-(3,5-di-tert-butylphenyl)thiophene-2-
carbaldehyde was synthesized by adopting Suzuki coupling between 3,5-di-tert-
butyl bromobenzene and 5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)thiophene-2-carbaldehyde [151]. Bpy-phosphonate was synthesized as per the 
literature methods [152]. I have adopted Wittig-Horner's reaction for the 
introduction of C=C double bond was introduced at 4, 4’ positions of the bipyridine 
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ligand using Bpy-phosphonate [150]. The ligand Bpy-thio-butyl (L) was 
characterized by various spectroscopic techniques that includes elemental 
analysis, Mass, IR and 1H NMR spectroscopies. The ligand L and [RuL(p-
cymene)Cl2]2 complex by refluxing in ethanol : chloroform mixture to get the 
chloro derivative of m-HRD-1 complex. Finally, the m-HRD-1 complex was 
synthesized by refluxing chloro derivative with Bpy-acid and aq. ammonium 
thiocyanate in DMF and following by spehadex column purification. Preliminarily, 
m-HRD-1 was characterized by elemental analysis and ESI-MS spectroscopies. 
The presences of a molecular ion peak at 1453 (m/z) in ESI-MS spectrum 
confirms one TBA molecule in its molecular structure. 
Dye sensitization process 
Dye solution was prepared in organic solvents. For N719 dye, ethanol was used 
as a solvent and 0.1 mM dye solution was prepared. For m-HRD-1 acetonitrile 
solvent was used. Once the prepared photoanodes were cooled down to 80°C, 
they were immersed into the dye solution at room temperature for 16-24 hours in 
dark condition to assure complete sensitiser uptake [153]. 
If not used directly after preparation, the TiO2 films were stored in a 
desiccator until the final assembly of the solar cell. Before the dye uptake TiO2 
layers were again heated to 450 °C for 15 min. The firing leads to a partially 
dehydroxylated, highly activated surface for dye adsorption. 
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Figure 36. Photos of the prepared photoanodes (a) before, and (b) after dye- 
sensitisation process 
 2.1.3. Spacer 
The back contact of a dye sensitised solar cell requires a spacer to separate 
photo anode from the counter electrode. The spacer also serves as a medium for 
the transfer of ions between two electrodes. In this work, 25 µm thick plastic film 
from Solaronix (Meltonix 1170-25PF) was used as a spacer [154]. The sealing 
temperature of this spacer is ~100 °C. 
 
Figure 37. Meltonix 1170-25PF spacer from Solaronix 
2.1.4. Electrolyte 
For this work, the iodide/tri-iodide electrolyte comprising 0.4 M lithium iodode (LiI), 
0.4 M tetrabutylammonium iodide (TBAI), and 0.04 M I2 dissolved in 0.3 M N-
methylbenzimidazole (NMB) in acetonitrile (ACN) and 3-methoxypropionitrile 
(MPN) solvent mixture at a volume ratio of 1:1 was prepared and stirred for 24 
hours at room temperature and used [155]. 
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2.1.5. Counter electrode 
Platinum 
Thermally sputtered platinum electrodes from Solaronix were used as counter 
electrodes in DSSCs. For a few experiments, platisol platinum paste from 
Solaronix was used to prepare the counter electrodes by screen printing or doctor 
blading or spin coating on the FTO glass [156]. After coating, the electrodes were 
dried in air and annealed at 600°C for 30 minutes then cooled down.  
CZTS 
Copper zinc tin sulphide (CZTS) counter electrode was used in one of the 
sections. Jet nebulizer assisted spray (JNS) coating technique was used to 
deposit the CZTS film on FTO glass. The electrode was coated by Dr. Ravi 
Dhas’s group (Bishop Heber College- India). The experimental procedure of the 
newly coated counter electrode is presented here. 
CZTS film deposition 
Precursor solutions copper chloride, zinc chloride, tin (II) chloride, and thiourea 
were taken in the ratio of 2:1:1:8 and dissolved in 35 mL of distilled water then 
stirred constantly under room temperature for 30 min. The filtered precursor 
solution was taken in the pocket size nebulizer and spraying was carried out on 
FTO substrates for 5 min. The temperature of the spray coated substrates was 
250°C, 300°C, 350°C, and 400°C which are labelled as CZTS1, CZTS 2, CZTS 
3 and CZTS 4 respectively [157]. 
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Figure 38. JNS spray coating technique used for depositing CZTS films 
2.2. Characterization of synthesised materials 
2.2.1. Structural properties 
The structural properties of dried TiO2 powder were characterized using X-ray 
diffraction (XRD) analysis on an X’pert pro MPD X-ray diffractometer by PAN 
analytical with Cu Kα radiation (λ = 1.5406 Å). 
2.2.2. Morphological studies 
FESEM images and elemental energy dispersive X-ray analysis (EDAX) of the 
coated films were checked on a field emission scanning electron microscope 
(Supra 35VP, Carl Zeiss). A JEM-2100 LaB6 200 kV TEM instrument was used 
to obtain the high-resolution transmission electron microscopy (HRTEM) images 
of the samples to investigate the morphology and the selected area electron 
diffraction (SAED) of meso-TiO2 to confirm the nature of crystallinity. For these 
experiments, the mesoporous-TiO2 was subjected to ultrasonication in acetone 
medium to disperse the fine powder onto the copper grids. The particle size 
calculation from the microscopic images (SEM/TEM) was carried out by using the 
“ImageJ” software. This is an open source Java image processing program 
inspired by NIH Image . 
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2.2.3. Optical properties 
The ethanol dispersion of the synthesized TiO2 was prepared to measure the 
absorption spectrum using a UV-Vis-NIR Spectrophotometer (Shimadzu 
Corporation, Kyoto, Japan) in CSIR‐Central Glass and Ceramic Research 
Institute, Kolkata, India. Zeta potential measurement of synthesized TiO2 in water 
was performed using Horiba (SZ-100) analyser.  
Dye Loading  
The number of dye molecules adsorbed on the semiconductor surface was 
measured by the dye desorption method. To desorb the dye molecules, dye 
loaded TiO2 electrode was immersed in a known volume of tetrabutylammonium 
hydroxide (TBAOH) in a respective solvent at a known concentration. The UV-vis 
spectrum of the resulting dye solution was measured. The Beer-Lambert law (A 
= abc) relates the absorbance A of the solution with its concentration c. 
 Where, a is a wavelength-dependent absorptivity coefficient (sometimes 
called ε, also known as molar absorptivity), b is the optical-path length, and c is 
the absorbing species concentration. The number of adsorbed dye molecules can 
be calculated from this. Knowing the thickness of the TiO2 layer, surface area, 
pore size, porosity, and the concentration of dye molecules on the surface of the 
mesoporous TiO2 was also estimated. 
2.2.4. Thermal properties 
Thermogravimetric analysis (TGA) was carried out on a Mettler Toledo 
TGA/SDTA 851e instrument at a heating rate of 10 oC min-1 with 10 mg of sample 
under N2 atmosphere.  
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2.2.5. Surface area measurements 
Nitrogen physisorption measurements of all the samples were carried out by 
using a Quantachrome (iQ3) instrument after evacuation at 150°C for 4h. The 
specific surface area was calculated by the BET method, whereas desorption 
cumulative pore volume and pore size distribution were calculated by the BJH 
method. 
2.2.6. Thickness of the electrodes 
Thickness of the semi-transparent TiO2 electrodes was measured using Dektak 
8 Advanced Development Profiler. During the optimisation stage, Ambios XP100 
stylus surface profiler was used to align the screen printed TiO2 layers and get 
the optimum thickness for the photoanode.  
 
Figure 39. Alignment of the screen printed TiO2 electrodes from Ambios XP100 
stylus surface profiler 
2.2.7. Cyclic voltammetry 
To understand the catalytic activity of the counter electrodes, the cyclic 
voltammetry was performed. An electrolyte having 10 mM lithium iodide (LiI), 1 
mM iodine (I2) and 0.1 M lithium perchlorate (LiClO4) in acetonitrile (ACN) was 
prepared and stirred for 30 minutes at room temperature [158]. Prepared sample 
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as a working electrode, Ag/AgCl as reference electrode and a Pt wire as a counter 
electrode were kept in a container with prepared electrolyte as a medium as 
described in Figure 40. Metrohm autolab was used to perform the CV analysis.  
 
Figure 40. Schematic illustration of the electrochemical setup used in CV 
analysis 
2.3. Device fabrication 
To fabricate a DSSC device, the dye loaded photoanode was rinsed with ethanol. 
Two kinds of DSSC were made: open cells and closed cells. 
For open cells,  
Pt counter electrode was placed over the dye-sensitised photoanode and a 
plastic spacer was kept in between those two electrodes. Prepared redox 
electrolyte was introduced into the device. Two binder clips were used to keep 
the glass slides in place. The active area of working electrode was 0.28cm2 [159]. 
For closed cells, 
Pt electrode was placed over the dye-adsorbed TiO2 electrode with a 25 μm hot-
melt spacer between two electrodes and heat pressed at 100 °C. The internal 
space was evacuated by using a vacuum pump. Finally, the prepared iodide/tri-
iodide electrolyte was introduced into the cell through the small hole drilled in the 
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counter electrode. Active area of the device was 0.28cm2. The hole in the counter 
electrode was sealed by a round Surlyn sheet and a piece of cover glass. 
 
Figure 41. Fabricated open and closed devices 
2.4. Device characterization 
The basic photovoltaic characterisation of DSSC are carried out under steady-
state conditions where the charge density does not change with time.  
2.4.1. Photovoltaic parameters 
Current-voltage measurement is a simple method to evaluate photovoltaic 
parameters of the solar cells under both light and dark conditions. Figure 42 
shows a typical I-V curve for a solar cell under illumination. The following 
parameters can be extracted from the I-V curve [160]. 
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Figure 42.  Current-voltage characteristics of a solar cell, in dark (red dotted 
curve) and under illumination (red solid curve). The power curve (product of 
current and voltage, blue curve) is also presented as a function of the applied 
voltage bias. The maximum achievable power from the solar cell is given as the 
rectangular shaded area (in blue) 
Short circuit current (Isc): Solar cell current measured at an applied potential of 
zero volt, Isc increases linearly with light intensity. 
Open circuit voltage (Voc): Solar cell potential measured when there is no 
external load. Under these conditions there is no external electric current between 
the terminals.  
Fill Factor (FF): The fill factor is defined as the ratio   
FF=
Imp x Vmp
Isc x Voc
 
The F.F. describes how a maximum power rectangle fits under the I-V 
characteristics. It is influenced by the series resistance (Rs) following from the 
internal resistance and shunt resistance (Rsh) from the leakage of current [161]. 
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A simplified equivalent circuit for a DSC including Rs and Rsh is shown in Figure 
43. To obtain high F.F. Rs should be small, while Rsh needs to be as large as 
possible (Figure 44).  
 
Figure 43. A simplified equivalent circuit of a solar cell with series and shunt 
resistances 
Power conversion efficiency (η): The PCE is defined as the ratio of the 
maximum power output from a cell (Pmax) to the incident radiation power (Pin) 
[162].  
Power conversion efficiency =
Voc Isc FF
Pin
 
 
Figure 44. Influence of (a) increasing the series resistance Rseries and (b) 
decreasing the parallel shunt resistance Rshunt on the shape of the J–V curve 
[25] 
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 This parameter is equated to the performance of the DSSC device. In 
order to compare different results, standard test condition should be used for 
measurements of all the devices. The standard condition specifies AM 1.5 
spectrum illumination with an incident power density 1000 W/m2 at 298K. The Air 
Mass (AM) is the ratio of the path length of the sun light through the atmosphere 
when the sun is at a given angle θ the zenith, to the path length when the sun is 
at its zenith. This relation can be approximated by   
 
AM =
1
cos θ
 
 
 The standard condition is AM 1.5, which corresponds to a solar incident 
angle of 48.2° relative to the surface normal.   
 
Figure 45. Illustration of the “air mass” concept [163] 
Experimental Set up 
Solar Simulator  
In an indoor controlled environment, the photovoltaic performances of the 
assembled devices were measured under 1000 W/m2 of light from a Wacom AAA 
continuous solar simulator (model: WXS-210S-20, AM1.5G). The simulator is 
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equipped with a 5000W DC Xenon Lamp, which yielded a high non- uniformity 
and a temporal instability lower than 2% on an irradiated surface of 
300mm×300mm. The lamps used in the simulators needed time after being 
switched on to reach a steady energy flux. For this reason, after switching the 
simulators on, a one-hour delay was used before starting the calibration. A 
calibrated silicon photo-diode was used to tune the solar simulator before each 
test: the current flowing into the photodiode was the trusted parameter to calibrate 
the instrument.  
I-V tracer  
The I–V characteristic of the devices was recorded using an EKO MP-160i I–V 
Tracer. This instrument operated in the range between 0.5V and 1V and 0.1 mA 
and 30 mA according to the current output of the devices. A four-wire 
configuration was used to extract the electrical outputs from the cell. It was 
coupled to a software tool able to calculate several parameters, such as the open-
circuit voltage, the short circuit current, the maximum power and the fill factor. 
Moreover, the system gave in output the I-V curve of the cell. 
 
Figure 46. Schematic representation of the experimental set up  
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Temperature recorder  
The temperature of the devices was recorded using an OMEGA RDXL 12SD 
temperature recorder. Type K thermocouples were used in this work. The 
thermocouples were calibrated according to the temperature of melting ice at 
atmospheric pressure (0°C). 
 For the low concentrator work, the concentrator unit was placed on the 
DSSC and the same procedure was followed. 
2.4.2. Spectral performance of the devices 
The optical properties of the fabricated DSSCs was measured using a UV-VIS-
NIR spectrometer (PerkinElmer, Lambda 1050). This instrument could scan a 
material’s transmittance, reflectance and absorbance in the range between 
175nm and 3300nm, with a resolution that can be set down to 0.5nm. A deuterium 
and tungsten halogen lamp were used as light source: the light passed through 
a monochromator and some filters before reaching the sample. The sample was 
placed in a sample holder: transmittance and absorbance were measured with 
reference to air, whereas the reflectivity with reference to a calibrated reflective 
white surface (Labsphere SRS-99-020 AS-01161-060, certificate reflectance 
between 250-2500nm: 99%). The Perkin Elmer Lambda 1050 used a PMT, 
InGaAs and PbS 3-detector module [164]. 
 For the spectral measurements of the aged DSSCs, the devices were kept 
inside a box and the measurements were carried out again. 
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Figure 47. Schematic representation of the UV/vis/NIR spectrophotometer used 
for optical measurements 
2.4.3. Electrochemical impedance spectroscopy 
Even though I-V characterisation is an important tool to determine the overall 
solar cell performance, it gives little insight to the interfacial processes taking 
place within a device. Electrochemical impedance spectroscopy (EIS) has been 
established in recent years as a standard technique for the analysis of the 
individual processes within the interfaces of DSSCs. Since the dye solar cell 
behaves as an electrical circuit, this EIS technique is to measure the current 
response to the application of an AC voltage as a function of the frequency. An 
important advantage of impedance spectroscopy over other characterisation 
techniques is the possibility of applying an AC voltage with small amplitudes to 
perturb the systems. 
 To measure EIS parameters, DSSC is perturbed by an external potential 
bias with a harmonically modulated small-amplitude voltage ΔU = UAⅇ
iωt. A small 
voltage perturbation causes a current flow ∆I = IAⅇ
i(ωt−θ) with a phase delay by 
angle θ. The impedance of the device is given by, 
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Z = |
∆U
∆I
| = |
UA
IA
| ⅇiθ 
A more elaborative equivalent circuit that considers the different interfaces of the 
DSSC is shown in Figure 48.  
 
Figure 48.  A general equivalent circuit of the liquid DSSC for impedance fitting  
The large surface area interface between the TiO2/ sensitiser/ electrolyte is 
considered as the heart of the DSSC device. 
• Rt is the electron transport resistance in the TiO2 surface. Rct is the charge 
transfer (recombination) resistance at the TiO2/redox couple interface. Cu 
is the total chemical capacitance of the TiO2 nanoparticles.  
• Rs is the series resistance including the sheet resistance of the TCO 
substrate, electrolyte resistivity and electrical contacts of the device. 
• RTCO is the charge transfer resistance, for the reduction of tri-iodide at the 
uncovered part of the FTO and CTCO is the corresponding chemical 
capacitance.  
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• FTO-TiO2 interface resistance and capacitance are given as RCO and CCO 
respectively. 
• RCE and CCE are the charge-transfer resistance and capacitance at the 
counter electrode/redox electrolyte interface 
• Warburg (Nernst diffusion) impedance of the redox liquid electrolyte is 
given as Zw [165].  
 
 When a small forward bias is applied, electrons are injected from the dye 
into the TiO2 particles and then transferred through TiO2 to the FTO. This process 
is measured as Rt. Some of the electrons recombine with the oxidized species in 
iodide electrolyte, that is measured as Rct and the corresponding capacitance as 
Cµ. When the electrons reach the FTO, some of them recombine with the oxidized 
species in electrolyte, they are characterized as RTCO and CCO. The iodide ion 
diffusion process is measured as Warburg impedance (Zw). RCE and CCE are the 
measurement of the reduction of the iodide electrolyte [16]. Relate these 
components of the equivalent circuit to get the physical or chemical 
characteristics of the electrochemical system. 
 
Figure 49. Nyquist and Bode plots obtained from EIS measurement 
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The experimental data in the form of Nyquist and Bode plots are fitted to obtain 
the impedance parameters of DSSCs.  
Measurement setup 
  EIS measurements were carried out with an autolab frequency 
analyzer setup equipped with an Autolab PGSTAT 10 and a Frequency 
Response Analyzer (FRA) Module. The TiO2 electrode of the DSSC was 
connected to the working electrode, and the Pt electrode was connected to the 
reference and counter electrodes of the instrument. The measurements were 
performed under dark and light condition with the frequency range from 0.1Hz to 
100kHZ. For the measurements under light, the EIS experiment setup was moved 
to the solar simulator room and the devices were kept under the light. All the 
devices were measured at the respective open circuit voltage of the devices and 
the magnitude of the alternative signal used was 10mV. The experimental data 
were fitted with the Z-view software (version 3.4d, Scribner Associates, Inc., USA) 
using appropriate equivalent circuits. Figure 50 shows the experimental setup 
used for Impedance characterization. 
 
Figure 50. NOVA- Autolab- Electrochemical Impedance Spectroscopy station 
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2.5. Summary 
All the different materials, methods and equipment used to carry out the research 
works in this thesis had been presented in this chapter. All the device fabrication 
and characterisation were done in the solar laboratory at the University of Exeter. 
Parts of material characterisation were done at our collaborators laboratories. A 
simple summary of fabrication and characterization of the DSSCs in this thesis is 
presented here.  
 
Figure 51. Summary of DSSC fabrication and characterisation  
The data achieved from the experiments was analysed and the results are 
discussed in the upcoming chapters. 
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Chapter 3: Alternative materials for cost effective dye-
sensitised solar cells 
Dye-sensitised solar cell (DSSC) is a good example of where the quality of the 
materials and their interfacial properties are important to device performance.  To 
be more competitive in the solar cell markets, improving the device efficiency, 
finding the suitable abundant materials, enhancing the device durability and 
further reducing the cost of production are needing to be considered. In this 
chapter, systematic optimization of key parameters and processing steps to 
produce low cost and high efficiency DSSCs is studied. 
This chapter is based on the following published articles 
1. P. Selvaraj, A. Roy, H. Ullah, P.S. Devi, A. Tahir, T.K. Mallick, S. 
Sundaram, Int J Energy Res, 2019, 43, 523–534. 
2. T. Jella, P. Selvaraj, H.M. Upadhyaya, T.K. Mallick, S. Senthilarasu,  
L. Giribabu, O.A. Journal, 2017, 1, 1. 
3. D.D. Kirubakaran, S. Pitchaimuthu, C.R. Dhas, P. Selvaraj, S.Z. 
Karazhanov, S. Sundaram, Mater. Lett. 2018, 220, 122. 
3.1. Introduction  
The working principle of DSSCs differs substantially from that of the first 
generation and second generation solar cells and is closely related to natural 
photosynthesis where light absorption and charge carrier transportation are 
carried out by different substances. Concretely, the constituent components and 
fundamental processes of DSSCs are schematically illustrated in Figure 52. 
The fundamental processes include: 
(1) photoexcitation of the dye to produce excited state sensitiser 
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(2) electron injection into the conduction band of TiO2 resulting in the production 
of oxidized dye   
(3) electron transportation to the FTO and flow to the Pt electrode via an external 
circuit 
(4) regeneration of the oxidized dye by accepting electrons from the reduced 
redox couple 
(5) regeneration of the oxidized electrolyte at the pt electrode by accepting 
electrons  
(6) electron recombination by donating electrons to oxidized dye 
(7) electron recombination by donating electrons to the oxidized redox couple 
(8) relaxation of the excited dye to its ground state by a nonradiative decay 
process [166] 
 
Figure 52. Schematic diagram of integral components and the fundamental 
processes of a DSSC 
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To achieve higher photovoltaic performance in dye-sensitised solar cells, 
the physical, chemical, optical and electrical properties of the four main 
components (Figure 52) of the device: (1) the metal oxide semiconductor, (2) the 
sensitised dye, (3) the redox couple electrolyte and (4) the counter electrode need 
to be modulated. For a high-effective DSSC, all components require more fine-
tailoring. 
3.2. High surface area mesoporous TiO2 for DSSC 
3.2.1. Introduction 
As discussed in section 1.8, there are number of factors determining the 
photovoltaic performance of DSSCs but, the shape and structure of the 
photoanode material play an important role in photoelectric conversion efficiency 
[167]. A large number of research works have been conducted to study the 
influence of working electrode materials on device performance [168,169]. 
However, the power output of the DSSCs to become a competitive energy source 
has not yet been achieved [170].  
Titanium dioxide (TiO2) is the most commonly used of these 
semiconducting photoanode materials in DSSC [171]. TiO2 nanoparticles with 
mesoporous nature offer a large internal surface area, which improves dye 
adsorption, leading to efficient light absorption and high photocurrent generation. 
Hence, high power conversion efficiency can be achieved compared to bulk TiO2 
material [172]. Moreover, this mesoporous structure offers rapid electron 
transport at the device interface, which improves the charge transfer properties 
of the DSSC [173,174]. There has been a considerable amount of research 
interest in synthesising mesoporous titanium dioxide with high surface area. 
Many simple methods such as sol-gel [175], hydrothermal, solvothermal and soft 
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template [176,177] have been used to synthesis mesoporous TiO2 nanoparticles 
[178]. Due to the diversity of the employed template precursors, soft- template 
directed materials possess structural and morphological abundance [145,179]. 
Surfactants/templates are usually used to control the size of nanoparticles. The 
main disadvantage of nanocrystalline electrode materials is their low packing 
density. Systematic control synthesis of titania yields high surface area with high 
packing density nanopowder which can improve the dye-sensitised solar cell 
performance.  
 In this section, I discuss a simple and cost- effective method using soft 
template to obtain highly crystalline mesoporous TiO2 nanoparticles. Cetyl 
trimethylammoniumbromide (CTAB), Sodium dodecyl sulfate (SDS), and dodecyl 
trimethylammonium bromide (DTAB) have been used as cationic surfactants. 
Structural, surface, and optical parameters of the synthesised TiO2 powders have 
been characterized. The influence of various surfactants as soft-templates on the 
performance of utilizing them in DSSCs have been studied under 1 sun 
illumination. Moreover, electrochemical impedance spectroscopy of the 
fabricated devices has been investigated. All the results are compared with the 
commercial TiO2 source (P25).  
3.2.2. Experimental Section 
Synthesis and characterisation of nanoparticles with device fabrication and 
photovoltaic characterisation methods are given in chapter 2.  
3.2.2. Structural Properties 
Figure 53 shows the XRD pattern of the TiO2 samples synthesised using various 
surfactants (CTAB, SDS, and DTAB). It is clear that, the XRD patterns of these 
TiO2 powders show well-resolved diffraction peaks at (101), (112), (200), (211), 
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(220) and (301) planes corresponding to the reflections of anatase TiO2 material 
(JCPDS Card No 89-492). For the commercial P25 powder, the peaks at 25.28, 
37.80, 48.04, 53.89, 62.68, 68.76, 70.30 and 75.02o are matched with the 
anatase (A) (JCPDS Card No 21-1272) TiO2 planes, also it contains a few rutile 
(R) peaks as well. In both cases no characteristic peaks of other phases can be 
detected and the diffraction peaks clearly suggest that all the products are of well 
crystalline [180]. This further recommends the decrease in particle size of the 
samples to a significant extent upon various surfactant treatments.  
 
Figure 53. Powder XRD patterns of the meso-TiO2 nanoparticles using various 
surfactants 
3.2.3. Morphological analysis 
 To understand the morphology of the synthesized nanopowder, the 
samples were analysed using a scanning electron microscope. Figure 54 shows 
the FESEM images of TiO2 nanoparticles calcined at 450°C and commercial P25 
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powder. All the samples are made of large irregular shaped particles formed due 
to aggregation of several spherical nanograins [181]. For the commercial P25, 
large aggregates of fine particles with an average particle size of about 23.22 nm 
(Figure 54 (d)) were found. Moreover, the samples prepared with the presence 
of different surfactants shows a similar aggregated structure to P25-TiO2. 
However, mesoporous TiO2 samples show smaller particle size distribution in the 
range between 8- 20nm (Figure 54 (a-c)), which indicates surfactant plays a 
crucial role to control the particle size reduction along with its distribution. 
 
Figure 54. FESEM images of meso-TiO2 nanoparticles (a) SDS, (b) DTAB, (C)  
CTAB (d) P25 
            Furthermore, the morphology and crystal orientation pattern of 
synthesized TiO2 samples were investigated by transmission electron 
microscopy (TEM) and high-resolution transmission electron microscopy 
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(HRTEM). TEM images reveal that all the samples are highly crystalline in nature. 
Interestingly, the shape remains unaffected but a significant decrease in the 
particle size is observed in the order of P25>CTAB>DTAB>SDS. A comparative 
particle size plot has given as Figure 55, which indicates the particle size of P-25 
is 23.2 nm, On the other hand, for SDS, DTAB and CTAB samples, particle size 
is 10, 12.5 and 14.6 nm respectively. Thinfilms consisting of larger particles have 
a smaller surface area, where less surface is available for dye adsorption, 
possibly reduce the amount of light absorbed and the number of electrons 
generated. On the other hand, films with smaller particles have a larger surface 
area and greater number of contact points between sintered colloidal particles or 
at the interface between the particles and the underlying substrate, which allow 
them to adsorb more dye molecules for electron generation. 
 
Figure 55. Particle size comparison of the synthesised nanoparticles 
                    The HRTEM images resemble two sets of lattice fringes 
perpendicular to each other with distances to the d spacing of ~3.52 Å which 
strictly signifies the (101) crystal plane of the anatse TiO2 for all the samples [182]. 
Besides, the SAED results confirm that these nanoparticles have highly 
polycrystalline planes corresponding to pure anatase phase of TiO2.  
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Figure 56. HRTEM and SAED images of TiO2 nanoparticles P25 (a-b),          
SDS (c-d), CTAB (e-f), and DTAB (g-h) 
3.2.4. BET surface area analysis 
 The surface area and porosity of the samples were calculated from N2 
adsorption-desorption and BJH pore size distribution experiments (Figure 57). 
85 
 
For the sample of P25 the BET specific surface area is 56.64 m2/g with BJH pore 
size of 56.21 nm and the average pore volume is 0.767 cc/g. CTAB nanoparticles 
exhibits a BET surface area of 90.03m2/g with BJH pore size of 19.27 nm and 
their pore volume is 0.370 cc/g. In the case of DTAB sample, the BET surface 
area increases to 110.81 m2/g with BJH pore size of 13.01 nm and the pore 
volume is 0.295 cc/g. In comparison to all the samples SDS has the maximum 
BET surface area of 123.86m2/g with the BJH pore size of 5.7 nm and the pore 
volume is 0.290 cc/g. 
 
Figure 57. N2 adsorption-desorption isotherms of the mesoporous TiO2 
nanoparticles 
  It is clear from the Table 7 that the surface area of SDS sample is more 
than two times higher than the commercial P25 powder. This surface area 
property could influence the photovoltaic performance of the dye sensitised solar 
cells fabricated form the synthesised nanoparticles [183].  
 
Table 7. Surface parameters of the mesoporous TiO2 nanoparticles from 
nitrogen physisorption measurements 
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3.2.5. Optical Properties 
 Figure 58  shows the UV-Vis absorption spectra of P25, CTAB, SDS and DTAB. 
The curve of P25 shows the band edge at 325.45 nm and CTAB and SDS show 
the band edges at 333.52 and 334.53 nm, respectively. For DTAB the band edge 
appears to be a bathochromic shift to 339.14 nm [184].  
 
Figure 58. UV-Vis absorption spectra of P25, CTAB, SDS and DTAB samples,  
Sample 
Crystallite 
Size 
(nm) 
BET 
Surface 
Area 
(m2/g) 
BJH 
Pore 
Size 
(nm) 
BJH 
Pore 
Volume 
(cc/g) 
Zeta 
Potential* 
(mV) 
Polydispersity 
index (PDI)* 
P25 23 56.64 56.21 0.767 -14.65 -0.82 
CTAB 14 90.03 19.27 0.370 +11.47 2.31 
SDS 10 123.86 5.7 0.290 -12.72 1.88 
DTAB 12 110.81 13.01 0.295 +7.46 2.11 
* In aqueous solution 
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Comparison of the volume occupied by the commercial TiO2 (P25) and the 
prepared mesoporous titania nanoparticles is given in Figure 59. It is clear that 
all the synthesised nanopowders occupy less volume than the commercial one, 
even though they have high surface area. So, the packing density of the 
mesoporous TiO2 is higher than the commercial titanium oxide powder. Generally 
high packing density slows the electron transport in TiO2 nanoparticles. On the 
other hand, increase in packing density could improve the absorption, which can 
improve the electron generation in the PV device [185].   
 
Figure 59. Comparison of synthesised mesoporous and commercial TiO2 
samples (2g each) 
3.2.6. Dye loading properties 
The amount of dye loading on the semiconductor surface was measured by the 
dye desorption method. Table 8 compares the dye loading properties of the 
prepared electrodes using different TiO2 powders. Mesoporous powder prepared 
using SDS has more number of dye molecules attached on the surface than other 
samples. High surface area of the SDS mesoporous titania increases the dye 
loading capacity which could improve the photocurrent generation of the device 
[186].  
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Figure 60. Digital image of the dye-sensitised photoanodes 
Table 8. Dye loading properties of the sensitised TiO2 electrodes 
Sample 
Absorbance 
@444 nm 
Concentration Moles 
No. of dye 
molecules 
Area of 
the dye 
Dye 
area / 
1cm2 of 
TiO2 
P25 0.5619 1.14E-05 3.44E-08 2.07E+16 704.37 2492.48 
CTAB 0.7549 1.54E-05 4.62E-08 2.78E+16 946.31 3348.59 
SDS 0.9658 1.97E-05 5.91E-08 3.56E+16 1210.68 4284.10 
DTAB 0.8672 1.76E-05 5.30E-08 3.19E+16 1087.08 3846.73 
 
3.2.7. Photovoltaic performance 
Figure 61 depicts the photovoltaic performances of the fabricated DSSCs using 
mesoporous TiO2 nanoparticles synthesised from CTAB, SDS and DTAB soft 
templates and P25 for comparison. It is clear from Table 9 that the performance 
of the synthesised titania devices is much better than the P25 commercial powder 
cells.  
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Figure 61. Photocurrent density-voltage curves of the DSSCs fabricated from 
the TiO2 samples synthesized using CTAB, SDS and DTAB surfactants.  
 Eventhough P25 device gets the highest open circuit voltage and fill factor, 
the short circuit current density of the device is lower than the other devices. 
Bigger particle size and smaller surface area make the P25 dye adsorption less. 
On the other hand, the highest current density of 12.63 mA/cm2 is observed in 
the SDS based device. But the fill factor of 48.5% is the least for all the devices, 
still the overall efficiency is higher due to high current generation. Open circuit 
voltage is almost similar for all the devices, also not much difference in the fill 
factor for all the synthesised powder devices. Due to the small particle size and 
high surface area, the soft template TiO2 devices show better current, so the 
overall device efficiency of the devices is higher than the P25 device [187].  
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Table 9. Photovoltaic performance parameters of the devices fabricated from 
meso-TiO2 powders measured under 1000W/m2 illumination  
 
Device 
Jsc 
[mA/cm2] 
Voc 
[mV] 
FF 
[%] 
Efficiency 
[%] 
P25 7.71 809 56.6 4.60 
CTAB 10.31 780 52.0 5.23 
SDS 12.63 793 48.5 6.08 
DTAB 11.72 788 50.1 5.79 
 
3.2.8. Charge transport properties 
To understand the charge transport in DSSC interfaces, electrochemical 
impedance spectroscopic studies were performed. Generally, in Nyquist plots the 
first gap (Rs) is related to the sheet resistance on the transparent conductive 
oxide (TCO) substrate and the contact resistance between TCO and TiO2. 
Moreover, maximum of three semi circles can be observed, first semicircle in high 
frequency region is attributed to the resistance at the counter 
electrode/electrolyte region (Rct-Pt), the second semicircle observed in the mid 
frequency region represents the charge transport at the TiO2/dye/electrolyte 
interface (Rct(TiO2/dye)), and the third semicircle at low frequency region 
corresponds to the diffusion in the iodide/tri-iodide electrolyte [188]. Figure 62 
shows the Nyquist plots of the characterized devices, only two semicircles are 
observed for all the devices. As shown in Table 10, all the DSSCs show similar 
values of Rs, which is attributed to the use of the same Pt counter electrodes and 
I-/I3- electrolyte in all the devices [189].  
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Figure 62. Nyquist plots and equivalent circuit (inset) of the DSSCs fabricated 
from the meso TiO2 samples under dark condition in open circuit voltage. 
Experimental data are shown in the symbols, and the equivalent circuit fits are 
shown in the lines 
 On the other hand, resistance at the Pt/electrolyte interface is higher for 
the P25 device. Importantly, the charge transport resistance of 76.11Ω at the 
TiO2/dye/electrolyte interface for the P25 device is much higher than 14.32Ω, 
12.60Ω, and 12.61Ω for CTAB, SDS, and DTAB devices respectively. This shows 
that the bigger particle devices exhibit the higher charge transport resistance. The 
devices fabricated with smaller particles exhibit lower charge transport 
resistance. The lowest resistance of all devices is SDS device with 10 nm 
particles. So, the smaller the particle is the lower interfacial resistance, which 
reflects in better solar cell performance [190].  
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Table 10. The charge transport parameters of the devices under dark condition 
 
Device 
Rs 
(Ohms) 
Rct (Pt) 
(Ohms) 
Rct (TiO2/dye) 
(Ohms) 
P25 15.39 24.51 76.11 
CTAB 14.65 17.99 14.32 
SDS 15.09 18.51 12.60 
DTAB 14.53 19.92 12.61 
 
3.2.9. Summary 
Highly crystalline mesoporous TiO2 nanoparticles were synthesized using CTAB, 
SDS and DTAB surfactants as soft templates. As-synthesized mesoporous 
titanium dioxide samples were characterized by PXRD, FESEM, HRTEM, UV-Vis 
and surface area measurements, used as photo-electrode material in DSSCs. 
Meso-TiO2 synthesized using SDS template exhibits high surface area of 123 
m2/g with 5.7 nm uniform pore with size. The highest power conversion efficiency 
of 6.08% and with photo current density of 12.63 mA/cm2 was achieved due to 
enhanced light harvesting, which is attributed to high surface area. The 
photovoltaic performance of the mesoporous TiO2 is significantly higher than the 
commercial P25 titania electrode devices. The internal resistance of the cells was 
studied with EIS analysis, which shows smaller charge transfer resistance for the 
soft template prepared devices compared to the commercial P25 powder device. 
These results clearly suggest that simple soft template method used in this work 
to synthesize mesoporous TiO2 can be an effective process for mass production 
in industries for various metal oxide applications. 
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3.3. An extended π-conjugated heteroleptic ruthenium(II) complex as 
a sensitiser in DSSC  
3.3.1. Introduction 
 DSSCs have achieved encouraging power conversion efficiencies of 
>10% for metal free dyes, >11% for metal complex and 13% for porphyrin-based 
sensitisers [191–193]. As sensitisers take part in the absorption of solar radiation 
and injection of electrons into the conduction band of semiconductors, extensive 
research has been focused on the design of efficient and durable sensitisers. 
Several dyes have been investigated such as metal complexes, metal-free 
organic dyes, tetra pyrrolic porphyrin and phthalocyanine based sensitisers [194–
196]. Among them, the most successful charge transfer sensitisers are 
ruthenium-based dye molecules, because of their strong and broad metal to 
ligand charge transfer absorption bands, the stability of their oxidized form and 
longevity of photo excited states. Grätzel and co-workers have reported >11% 
efficiency with cis-di(thiocyanato)-bis[2,2'-bipyridyl 4,4'-dicarboxylic acid] 
ruthenium(II)(N3) and trithiocyanato-4,4'4"-tricarboxy-2,2':6',2"-terpyridine 
ruthenium(II) (the black dye) as sensitisers [197]. Many efforts have been made 
to design the ligands of ruthenium complexes to improve the spectral response 
to near IR region and device performance. 
 By substituting the two long alkyl chains on the bipyridyl ligand (Z907), 
Zakeeruddin and co-workers achieved impressive stability under both thermal 
and light conditions [198]. However, the molar extinction coefficient of sensitiser 
is somewhat lower than that of the standard N-719 dye. Thus, extended π-
conjugation has been introduced into the ligands to improve the molar extinction 
coefficient. For instance, Z910, which contains 3-methoxystyryl on bipyridine 
ligand exhibited 10.2% efficiency and remarkable stability [199]. Based on these 
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results several dyes have been developed using different substituents on styrene 
moiety of bipyridyl ligand- K19, K77, HRD and electron donors on bipyridine 
ligands such as triphenylamine, carbazole and coumarin etc [200–203]. By using 
electron donating substrates charge recombination decreased drastically, as 
these forms long charge separated state lifetimes. Wu and co-workers 
incorporated alkyl thiophene substituted bipyridine as an ancillary ligand on the 
ruthenium metal complex (CYC-B1, C101), as a consequence, the MLCT band 
has shifted to the red region and the energy levels of metal center can be raised 
for better charge injection and recombination [204,205].  
 The objective of this work is to re-design and synthesis HRD-1 complex by 
introducing thiophene moiety between the 3,5-di-tert-butyl phenyl group, also 
extending π-conjugation of bipyridine ligand to get heteroleptic Ru(II) (m-HRD-1) 
complex in order to further improve the absorption properties and also to tune the 
energy levels. Moreover, characterization of the complex by various 
spectroscopic techniques and it’s DSSC performance using liquid I-/I3- redox 
couple. The structure of m-HRD-1 and its ligand are shown in Figure 63.   
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Figure 63.  Synthetic scheme of m-HRD-1. 
3.3.2. Experimental Methods 
Synthesis of the sensitiser, device fabrication and characterization methods are 
given in chapter 2. 
3.3.3. Optical Properties 
 Figure 64 reveals the absorption spectra of m-HRD-1 in ethanol and the 
corresponding data are presented in Table 11. The absorption bands between 
450 to 550 nm regions can be attributed to the metal to ligand charge transfer 
transitions in singlet manifold (1MLCT). The absorption maximum of m-HRD-1 is 
centered at 538 nm with a molar extinction coefficient of 15,338 M-1 cm-1.  The 
MLCT band of m-HRD-1 is bathochromically shifted when compared to HRD-1, 
probably due to the extended π-conjugation. Intraligand -* transitions 
bipyridine ligand are located at 300 nm. I have also measured absorption spectra 
of m-HRD-1 on an opaque TiO2 film (6 m thick). The absorption spectra in 
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solution and on TiO2 were similar except for a slight red shift in absorption maxima 
due to the interaction of anchoring groups to the nanocrystalline TiO2 surface. 
The emission spectrum of m-HRD-1 was measured in ethanol solvent at room 
temperature and presented in Figure 64. The complex m-HRD-1 shows emission 
maxima at 755 nm, when excited at MLCT band of m-HRD- complex. I have 
observed quenched emission spectra, when m-HRD-1 complex adsorbed on a 6 
m thick nanocrystalline TiO2 layer, as a consequence of electron injection from 
the excited state of Ru(II) complex to the conduction band of TiO2. From the 
absorption and emission spectra, it was found that the singlet state (E0-0) energy 
of m-HRD-1 and HRD-1 are 1.94 & 1.90 eV, respectively. Quenched emission 
spectrum of m-HRD-1 was observed when adsorbed. 
 
Figure 64. Electronic absorption (_______) and emission (-------) spectra of m-
HRD-1 in ethanol solvent. Emission (.........) spectra m-HRD-1 adsorbed onto a 
2 m thick TiO2 film. 
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Table 11. UV-Visible, emission and electrochemical data for HRD-1 and m-
HRD-1  
Sensitiser 
max, nm, 
  (mol-1 cm-1)a 
em, nmb 
E1/2 V 
 vs. 
 SCEc 
E0-0, eVd Eox* 
Ox Red 
m-HRD-1 538 (15,338) 755 0.67 -0.95 1.94 -1.27 
HRD-1 543 (19,300) 720 0.75 -0.94 1.90 -1.15 
 
3.3.4. Electrochemical Properties 
  The redox potential of m-HRD-1 was evaluated by using cyclic and 
differential pulse voltammetric techniques in DMF solvent with 0.1 M tetrabutyl 
ammonium perchlorate as a supporting electrolyte and their data was compared 
to the standard sensitiser HRD-1 in Table 11  (Figure 65). From the Table it is 
clear that m-HRD-1 undergoes one electron reversible oxidation at 0.67 V vs. 
SCE. The oxidation process can be readily assigned to the Ru(II)/Ru(III) redox 
couple. It also undergoes two reductions at -0.95, corresponding to the reduction 
of ancillary bipyridine ligands. The excited oxidation potential of m-HRD-1 is 1.27 
V, which is above the conduction band of TiO2 [206]. 
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Figure 65. Cyclic and differential pulse voltammogramme of m-HRD-1. 
 
 
Figure 66. Molecular orbital and spatial orientation of m-HRD-1. 
  To identify the electronic distribution of the m-HRD-1 sensitiser, DFT 
calculations were performed of its electronic ground state using mPW1PW91 
method for the geometry optimization with LANL2DZ basis function on Ru and 6-
31g(d) basis function on C, H, N, O and S. It can be seen from Figure 66, HOMO, 
HOMO-1, HOMO-2, HOMO-3 & HOMO-4 are the electrons delocalized over the 
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Ru(II) metal and –NCS ligand. The LUMO, LUMO+1, LUMO+2, LUMO+3 & 
LUMO+4 are π* orbitals delocalized over the bipyridine carboxylic acid ligand 
facilitating electron injection from the excited state of the m-HRD-1 sensitiser to 
the conduction band of TiO2. These results are in line with other ruthenium(II) 
polypyridyl complexes reported in the literature [207]. 
3.3.5. Photovoltaic properties 
 The performance of the DSSCs was evaluated based on their steady state 
current- voltage characteristics. Figure 67 depicts the photocurrent density 
versus photovoltage(J-V) curves of the DSSCs based on standard N719 and m-
HRD-1 sensitisers. The photovoltaic parameters including the short circuit current 
density (Jsc), open circuit voltage (Voc), fill factor (FF) and the power conversion 
efficiency (PCE) corresponding to the DSSCs are summarized in Table 12. It can 
be seen that DSSC based on m-HRD-1 dye shows higher photovoltaic 
performance than the standard N719 dye device. The observed power 
conversion efficiency is found to be 6.10% under 1.0 sun irradiation (JSC = 18.15 
mA/cm2, VOC = 705 mV, ff = 0.48) using m-HRD-1. Whereas, the device based 
on N719 sensitiser [Jsc = 14.07 mA cm-2, Voc = 668 mV, and ff = 0.49] shows a 
photovoltaic conversion efficiency of 4.70%. The m-HRD-1 dye based device 
shows 20% increase in short circuit current due to the better anchoring of dye 
molecules and thus an increase in overall conversion efficiency.  
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Figure 67. Comparison of J-V characteristics of DSSCs based on standard 
N719 and m-HRD-1 sensitisers. 
Table 12. Photovoltaic parameters of the DSSCs based on N719 and m-HRD-1 
sensitisers 
 
Sensitiser 
Jsc 
[mA/cm2] 
Voc 
[mV] 
FF 
[%] 
Efficiency 
[%] 
N719 14.07 668 49 4.7 
m-HRD-1 18.15 705 48 6.1 
 
3.3.6. Thermal Studies 
 The thermal stability of the new ruthenium(II) polypyridyl sensitiser is 
examined and compared to the thermal stability the standard sensitiser N719 using 
thermogravimetric analysis. Figure 68 shows the thermal behavior of m-HRD-1, 
clearly indicating that the sensitiser m-HRD-1 is stable up to 270 oC. The initial 
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weight loss between 250 to 290 oC is attributed to the removal of the carboxyl 
group. In contrast, the standard sensitiser N719 is stable up to 200 oC.  
 
Figure 68. TG/DTG curves of m-HRD-1 with heating rate of 10oC min-1 under 
nitrogen. 
3.2.7. Summary 
 I designed and synthesized a new heteroleptic Ruthenium(II) polypyridyl 
complex having an extended -conjugation. The complex m-HRD-1 was 
characterized by various spectroscopic techniques. Both elemental analysis and 
ESI-MS confirmed the presence of one TBA molecule in its molecular structure. 
MLCT band of m-HRD-1 was observed at 538 nm in DMF solvent. The emission 
spectra of m-HRD-1 quenched when adsorbed on TiO2 film as a consequence of 
electron transfer.   Finally, I  tested the performance of m-HRD-1 in dye-sensitised 
solar cells using I-/I3- redox couple and compared to that of the standard sensitiser 
N719. Thermal studies of m-HRD-1 complex suggested that it is stable up to 
270oC, which is better thermal stable than standard N719 sensitiser.  
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3.4. Copper zinc tin sulphide film as low cost platinum-free counter 
electrode in DSSC 
3.4.1. Introduction 
In DSSCs the photoelectrons or oxidative electron carriers collected from the 
photoanode are be transported to the cathode, which initiate catalytic reduction 
reactions with target electrolyte and thus sustain the electricity or fuel generation 
in the cell. This clearly implies that the electron driven catalyst platinum (Pt) is an 
indispensable component to demonstrate electrochemical process in DSSCs. 
However, availability and materials cost limits industrial deployment of Pt catalyst 
at large scale. The less expensive semiconductor materials are proposed as the 
Pt-free catalyst in DSSCs [208,209]. Compared to Pt, the cathode electrodes of 
transition metal oxides, sulphides, nitrides and carbides exhibited promising 
electrocatalytic performance in DSSCs. In particular, sulphide based 
electrocatalysts have the merits in easy synthesis, chemical stability, and 
excellent electrocatalytic property [210–212]. Recently, the quaternary 
semiconductor CZTS perceived profound attention as the Pt-free electrocatalyst 
in DSSCs owing to its abundance, low toxicity [213–216], and high hole 
concentration [217] of approx. 1.2 x1015– 3.1x1020 cm-3 providing high p-type 
electrical conductivity. This may anticipate high appealing class of electron-driven 
catalyst materials in electrochemical reduction reaction at DSSCs. 
 The CZTS films can be either synthesized directly on substrates or 
deposited from the already available nanocrystals. Among the available coating 
techniques, spray coating attracted much interest in catalyst and photoabsorber 
industry owing to its technical merits of low cost, the fabrication on large area, 
precise controllability of the electrode thickness, and possibility of doping and of 
hetero/multilayer formation. Compare to conventional spray coater, our recent 
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efforts on JNS coating showed more technical advantages on precise 
controllability in aerosol distribution, which results in smooth film surface and well-
defined crystallite edges [218]. This may anticipate producing homogenous and 
highly reactive CZTS catalyst film.  In this section, direct grown CZTS films using 
the JNS spray coating is demonstrated. The photocatalytic behaviour and PV 
performance of the CZTS films as counter electrodes in DSSCs are studied.  
3.4.2. Experimental 
Deposition and characterization of the thin films also DSSC fabrication and PV 
measurement are given in the chapter 2.  
3.4.3. Photocatalytic behaviour  
In order to examine catalytic activity of the synthesised CZTS electrode in tri-
iodide reduction, CV of CZTS coated FTO electrodes (CZTS/FTO) was tested 
with iodide containing electrolyte. The resultant CV plot is compared with 
conventional Pt electrode (Pt/FTO) in Figure 69.  The distinguished peak 
observed at negative potential region -0.34 V vs Ag/AgCl of CZTS 1 electrode 
demonstrates the catalytic activity in the trioxide reduction [158].  
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Figure 69. Cyclic voltammogram of CZTS and Pt counter electrodes measured 
using a three-electrode configuration  
3.4.4. Photovoltaic performance 
Furthermore, the photovoltaic performance of the CZTS films is tested in dye 
sensitised solar cells. The J-V measurements have been performed and results 
presented in Figure 70. The CZTS1 counter electrode based DSSC results in the 
photocurrent density of Jsc = 12.54 mA/cm2, open circuit voltage Voc = 0.73 V, 
fill factor F.F = 43% and efficiency ƞ = 3.91%. The DSSC with the Pt counter 
electrode results in the photocurrent density of Jsc = 13.95 mA/cm2, open circuit 
voltage Voc = 0.79 V, fill factor F.F = 58% and overall efficiency ƞ = 6.43%. The 
effective electronic conductivity and high electrocatalytic activity is responsible 
for the photocurrent generation by the CZTS based device. However, the smaller 
fill factor of (43%) this device as compared to the Pt-based cell (58%) might 
originate from larger electrical resistivity at the counter electrode/electrolyte 
interface [215]. The photovoltaic parameters of the other CZTS electrodes are 
given in the Table 13.  
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Figure 70. J-V plot of dye-sensitised solar cells fabricated with different counter 
electrodes (CZTS and Pt) 
Table 13. Photovoltaic performance parameters of the devices based on 
different counter electrodes under 1000W/m2 illumination  
 
Device 
Jsc 
[mA/cm2] 
Voc 
[mV] 
FF 
[%] 
Efficiency 
[%] 
Pt 13.95 797 58 6.43 
CZTS 1 12.54 733 43 3.91 
CZTS 2 7.21 690 27 1.34 
CZTS 3 2.15 668 18 0.26 
CZTS 4 2.11 736 24 0.37 
 
3.4.5. Impedance analysis 
Interfacial resistance of the device can be further examined through 
electrochemical impedance spectra. The resultant Nyquist plot is further 
simulated with the equivalent circuit as presented in the Figure 71. The simulated 
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charge transfer resistance value (Rct- CE) of CZTS1 electrode is 48.7 ohms, this 
is four times larger than that of Pt electrode (11.7ohms). The high charge transfer 
resistance at CZTS 1 electrode might be responsible for the small fill factor of this 
device as mentioned earlier [158]. The charge transfer resistance of all the CZTS 
1 film can be further reduced by varying the composition, substrate temperature, 
or probing thickness of the electrode. EIS parameters of the other CZTS 
electrodes are given in Table 14. 
 
Figure 71. Nyquist plots of dye-sensitised solar cells with different counter 
electrodes (CZTS and Pt). The measurements were carried out under 1 sun 
AM1.5 illumination. 
 
Figure 72. Equivalent circuit used for fitting the experimental data 
Rs CPE- CE
Rct- CE
CPE- TiO2/dye
Rct- TiO2/dye
Element Freedom Value Error Error %
Rs Free(±) 14.07 N/A N/A
CPE- CE-T Free(±) 0.0001574 N/A N/A
CPE- CE-P Free(±) 0.74748 N/A N/A
Rct- CE Free(±) 11.68 N/A N/A
CPE- TiO2/dye-TFree(±) 0.002638 N/A N/A
CPE- TiO2/dye-PFree(±) 0.87749 N/A N/A
Rct- TiO2/dye Free(±) 42.91 N/A N/A
Data File:
Circuit Model File: C:\Users\ps364\Dropbox\COUNTER ELECTRODE
S- DSSC\USA- Pt alloys\RESULTS\Impedance
\EIS Fit\Pt\Pt- 0.8 V- Interface correct
ion.mdl
Mode: Run Fitting / Freq. Range (0.001 - 1000000)
Maximum Iterations: 100
Optimization Iterations: 0
Type of Fitting: Complex
Type of Weighting: Calc-Modulus
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Table 14. Comparison of the charge transport parameters of the devices under 
dark condition 
 
Device 
Rct (CE) 
(ohms) 
Rs 
(ohms) 
Pt 11.7 14.07 
CZTS 1 48.75 23.33 
CZTS 2 97.53 41.91 
CZTS 3 99.73 26.9 
CZTS 4 - 25.37 
 
3.4.6. Summary 
Aero-sol controlled CZTS film was fabricated by a low cost JNS coating 
technique. Under identical experimental conditions, the CZTS films showed 
reasonable electrocatalytic performance in tri-iodide reduction reactions. Even 
though the photovoltaic performance of the CZTS electrodes-based devices is 
lower than the Pt based device, their low cost and easy fabrication encourage the 
implementation of these electrodes as Pt-free counter electrodes in dye solar 
cells for large scale applications. 
3.5. Conclusions 
Even though in recent times dye sensitised solar cell technology is considered as 
a quite assessed typical configuration, still different strategies are currently under 
research for the improvement of the power conversion efficiency and increasing 
the long-term stability of the devices. Among all the studies, improvement on the 
main components of the DSSCs remains the top most focus. Improving the metal 
oxide properties, different cost-effective simple synthesis methods, modification 
108 
 
of dyes, finding new redox electrolytes (liquid or solid), and low-cost counter 
electrodes still seem a very wide action research field. In this chapter, I have 
studied different methods to synthesis alternative materials for the improvement 
of DSSC performance. The summary of the results is,  
1. The combination of high surface area, packing density and dye loading 
capacity significantly have an impact on the performance of mesoporous 
TiO2 photoanode in DSSC.  
2. A new sensitiser, heteroleptic Ruthenium(II) polypyridyl complex having 
an extended -conjugation has achieved 25% higher efficiency than the 
commercial N719 in DSSCs.  
3. A low-cost Pt free counter electrode for DSSC has shown promising 
photovoltaic performance  
 All the methods and materials used in this chapter are simple and cost effective. 
It is important to bring down the cost of DSSCs for their further exploitation in 
real-world applications like building integrated photovoltaics. Though these 
results are encouraging, commercial materials are used for DSSC fabrication in 
the upcoming chapters in order to achieve transparency and have standard 
comparison.  
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Chapter 4: Multifunctional semi-transparent DSSCs for building 
applications 
In this chapter, the spectral behaviour of the DSSCs with different transparencies 
are studied. The colour rendering index (CRI) and correlated colour temperature 
(CCT) of the semi- transparent DSSCs are calculated for adaptive glazing 
application in buildings.  The calculated values are compared with air filled double 
pane glazing and evacuated (vacuum) glazing. From the CCT and CRI analysis, 
three better DSSC glazing devices are found and used for further analysis. The 
solar factor for the devices is calculated for different light incident angles for a 
whole year at a particular location. The correlation between clearness index and 
DSSC transmittance is also studied.  Moreover, glare analysis is performed for 
all the devices on a sunny day, intermittent day and overcast day, and is also 
compared with double glazing. Finally, the transmittance of the devices is 
measured after 2 years to understand the effects of device stability on DSSC 
glazing applications. 
This chapter is based on the following published articles 
1. A. Ghosh, P. Selvaraj, S. Sundaram, T.K. Mallick, Sol. Energy 2018, 
163, 537 
2. P. Selvaraj , A. Ghosh, T.K. Mallick, S. Sundaram, Renewable Energy 
2019, 141, 516-525 
4.1. Introduction 
As mentioned earlier, buildings consume 34% of world energy demand [219] for 
heating, ventilation, cooling and lighting load demand [220]. Mitigation of this 
energy demand is possible by introducing new zero energy building or retrofits 
using energy efficient materials. Buildings are composed of different envelopes 
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such as doors, roofs, walls and windows. Due to the transparent nature of a 
window, it has a large impact on the energy demand as well as the thermal and 
visual comfort of a building [221,222].  Presently available single or double glazed 
windows allow a considerable amount of solar heat for hot climates and excessive 
heat loss for cold climates, also daylight which creates glare [223,224]. Closing 
the windows for a fully air-conditioned building accounts for 20-30% more energy 
consumption from the use of artificial lighting [225]. 
 On the other hand, smart or advanced type glazings have the potential to 
reduce building energy demand. Switchable and static transparent type of 
advanced glazings are currently available [226]. Static transparent PV glazings 
are promising for window applications  due to their multifunctional property such 
as  ability to control solar gain, daylight glare and generate clean electricity 
[82,227]. PV glazings are also known as BIPV glazing because it replaces 
buildings traditional windows and becomes an integral part of the building. BIPV 
can also replace other building envelopes such as walls and roof. However, the 
windows of a building are of prime importance as it is the only building envelope 
which maintains a relation between external environment and internal room [226]. 
Thus, advanced BIPV windows are required to allow soothing daylight and also 
to control the solar heat by using a single system. Moreover, for retrofit 
application, replacement of windows is easier than any other part of the building 
[228,229]. 
In this work, different transparent DSSCs are used to evaluate luminous 
transmittance, CCT and CRI for the incoming daylight through DSSC glazing. 
CCT, CRI and daylight glare index (DGI) of DSSC glazing were compared with 
air filled double pane glazing and evacuated (vacuum) glazing.  
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4.2. Experimental 
Six small-scale (active area- 0.28 cm2) semi-transparent dye-sensitised solar 
cells (DSSCs) were fabricated by varying TiO2 electrode thickness. The 
experimental steps are given in chapter 2.  
4.3. Luminous transmittance of semi-transparent DSSCs 
4.3.1. luminous transmission calculation 
The transmission data of the devices was measured by a UV–Vis–NIR 
spectrophotometer. Luminous transmittance values τv are given by [230] 
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where τ(λ) is the spectral transmittance of DSSC glazing, D65(λ) is the spectral 
power distribution of CIE standard illuminant D65, V(λ) is the photopic luminous 
efficiency function of the human eye and Δλ = 10 nm. The standard photopic 
luminosity function V(λ) is also called as standard eye sensitivity and is used to 
define a conversion between the radiated energy (in Watts) and the luminous flux 
(in Lumen). Figure 73 shows the photopic eye sensitivity to light wavelength. The 
maximum sensitivity is in the green spectral range at 555 nm, where V (λ) has a 
value of unity, i.e. V (555 nm) = 1. 
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Figure 73. Standardization curve of eye sensitivity to wavelength of light [231]  
4.3.2. Working electrode thickness- device transparency relationship 
The transparency of DSSCs is heavily depending on the thickness of TiO2 
nanostructured materials. Figure 74 shows the transmission spectra of the 
fabricated DSSCs with various TiO2 thicknesses in the range of wavelength from 
380 to 780 nm.  
 
Figure 74. Spectral transmittance of the semi-transparent DSSCs. 
 The thinnest electrode with 3.5 µm thickness (L2) device has an average 
of 53% transparency in the visible range (390-700 nm). However, as the 
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thickness of the electrode increases, the transmittance of the solar cell gradually 
decreases, and the average transparency is 50%, 44%, 37%, 25% and 19% 
respectively for L3, L4, L5, L6, and L7 devices which is evident from the Figure 
75. The average transparency of 53% was recorded for the device made with 3.5 
µm thick TiO2 electrode (L2) and the device with 14 µm thick TiO2 electrode has 
19% transparency. More dye molecules attached to the thick TiO2 films absorb 
more light, leading to low transmittance, also thick films physically block/absorb 
the light [232]. 
 
Figure 75. Effect of working electrode thickness on device transparency 
4.4. Evaluation of CRI and CCT 
To evaluate colour properties of the DSSC glazing, method recommended by CIE 
13.3-1995 was followed. Colour is perception and not possible to measure with 
any equipment [233]. At first CCT was calculated. Colour matching functions 
corresponding to sensitivity of human eye and spectral power distribution of the 
wavelength dependent transmitted light were used to identify the CCT. For colour 
rendering index evaluation, 1931 CIE chromaticity coordinates of test colour 
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samples were evaluated followed by determination of 1964 CIE UCS chromaticity 
coordinates (Wt,i*;Ut,i*;Vt,i*). Resultant colour shift was investigated to find out 
special colour rendering index (Ri) which offered general colour rendering index 
(CRI). All calculations were processed using MATLAB 8.5. 
4.4.1. CCT evaluation 
 The tristimulus values X, Y, Z indicate the three-colour perception of human eye 
response. They also indicate how much red, blue and green are in the colour. 
This XYZ colour system was established in 1931 and referred as 1931 20 CIE 
standard observer [231,234]. Tristimulus values X, Y and Z of transmitted light 
through DSSC glazing can be calculated from the measured SPD transmittance, 
D65 spectral power distribution and the colour matching functions as shown in 
Figure 76 [234]. 
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Figure 76. The spectral response of the colour matching functions 
( ) ( ) ( )
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Chromacity coordinates (x,y) can be calculated by the below equation 
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CCT was calculated from McCamy’s equation [235] 
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4.4.2. CRI calculation 
Colour rendering is defined as “the effect of an illuminant on the colour 
appearance of objects by conscious or subconscious comparison with their 
colour appearance under a reference illuminant”. CRI is a numerical measure of 
how true the colours look when viewed with the light source. 
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Here, for CRI evaluation tristimulus values of the light transmitted by the glazing 
and reflected by each of eight test colours (i=1 to 8) are given by where test colour 
is defined by their spectral reflectance ( )i  . 
( ) ( ) ( )
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Trichromatic coordinates tu  and tv  for the transmitted light were determined from   
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Each test colour for the light transmitted and then reflected by the test colour  i is 
thus given by  
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Trichromatic coordinate correction after distortion by chromatic adaptation is 
provided by  
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Where tc  and td  for transmitted light and ,t ic   and ,t id  for each light transmitted 
and then reflected by test colour are calculated from 
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Colour space system
*
,t iW , 
*
,t iU , 
*
,t iV are given by   
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The total distortion (colour difference between the colour coordinates determined 
for the same test colour samples illuminated by test and the reference illuminants) 
iE is determined from  
 
* * 2 * * 2 * * 2
, , , , , ,( ) ( ) ( )i t i r i t i r i t i r iE U U V V W W = − + − + −                (18)  
 
The special colour rendering index Ri for each colour sample is given by 
100 4.6 i iR E= −                                                                                                                             (19) 
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The general colour rendering index (CRI) is thus given by 
8
1
1
8
i
i
CRI R
=
=                                                                                                                                    (20) 
4.4.3. CCT and CRI for DSSC glazing 
Figure 77 shows the variation of CCT and CRI with device transparency. CCT 
was calculated using equation 5 and CRI was calculated from equation 20. The 
CRI includes spectrally dependent characteristics with CRI values of 95 or higher 
considered acceptable. A CRI close to 100 indicates an excellent visual quality. 
Light colour is an influential factor on indoor comfort. Colour temperature is 
conventionally expressed in kelvins, using the symbol K, a unit of measure for 
absolute temperature. Colour temperatures over 5000 K are called "cool colours" 
(bluish), while lower colour temperatures (2700–3000 K) are called "warm 
colours" (yellowish). "Warm" in this context is an analogy to radiated heat flux of 
traditional incandescent lighting rather than temperature [236]. A strong linear 
correlation was found between CCT and CRI for DSSC glazing. It can be 
concluded that higher achievable CRI also offers higher CCT. For indoor light 
condition, a CCT from 3000 K -5300 K and CRI of more than 80 are generally 
required [113]. To realize a high CRI, a DSSC should have an enough broad 
spectral coverage, but it leads to a high CCT, which is not suitable for indoor 
comfort. L2 (3.5 µm thick electrode) and L3 (6 µm thick electrode) devices offer 
better CRI and CCT compared to other layers. 
119 
 
 
Figure 77. Variation of CCT and CRI with device transparency 
 
4.4.4. CCT & CRI comparison of DSSC with vacuum and double glazing 
Figure 78 shows the normal hemispherical transmission of 53% transparent 
DSSC, double and vacuum glazing. Vacuum glazing consists vacuum between 
two glass panes and potential to reduce heat loss in northern climatic conditions 
[224,237]. Double-glazing is a widely available glazing technology for building 
window applications [238,239]. Thus, these two glazing systems were considered 
in this work to compare the behaviour of adaptive DSSC glazing.  
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Figure 78. Comparison of the normal-hemispherical spectral transmittance of 
different glazings  
 Presence of low emission coating in the double and vacuum glazing 
influenced to decrease transmission after 600 nm whereas DSSC showed 
increasing of transmission after 600 nm. Figure 79 indicates the CCT and CRI for 
53% transparent DSSC, 72% transparent vacuum glazing and 78% transparent 
double-glazing. DSSC glazing has 45 % less transmission compared to double 
glazing and 35% less than vacuum glazing, however, CRI only compromises 
2.7% less compared to both glazing. It indicates that CRI depends more on the 
wavelength dependent spectral values than one single transmittance value.  
121 
 
 
Figure 79. Comparison of CCT and CRI of DSSC (53%), Vacuum (72%) and 
double (78%) glazing types. Percentage of transparency is given brackets.  
  
 After comparing the results, it is found that the transparent DSSCs offer 
only 2.6% lower CRI and CCT values than the vacuum and double-glazing. 
Figure 80 compares the electrical efficiency and CRI of the devices with their 
transparencies (The electrical efficiency analysis is done in the next chapter). 
The devices with higher transparency have better CRI and CCT values. Since 
L5 device has the highest efficiency among all with 37% transparency and 
devices L2 and L3 are aesthetically suitable, I consider these three devices 
named as L2, L3 and L5 with 53%, 50% and 37% transparency respectively 
for further analysis in this work. 
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Figure 80. Comparison of electrical efficiency and CRI for DSSCs with different 
transparencies 
4.5. Spectral behaviour of the aged DSSCs 
As DSSCs have long term stability issues, the optical properties of the devices 
were measured after two years. Figure 81 compares the transmittance of both 
fresh and old devices. The transparency of the devices is decreased by 20-30% 
after 2 years compared to the initial measurement. This could be due to the 
interfacial reaction in the device. Since the electrolyte has corrosive 
characteristics, corrosion of the electrode in the electrolyte solution frequently 
occurs resulting in poor transparency of the cell. Though the electrodes are 
corroded, the devices still transmit the light. For glazing perspective, the durability 
based on transmission is comparable with other smart glazing [240].  
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Figure 81.  Comparison of transmittance of the different transparent DSSCs 
(Fresh and after 2 years) 
4.6. Angular transmission 
For any particular location glazing transmission varies with season and time of 
day. Thus, glazing transmission angular behaviour is more crucial than single 
glazing transmittance value for building energy simulation and design 
Angular dependent glazing transmission is given by[241][242] 
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Spectral transmittance and reflectance at normal incidence are the most 
commonly measured optical properties of glazing. For vertical plane DSSC 
glazing, transmission varies with light incident angle. Here, using equation 21, 
incident angle dependent glazing’s angular transmission was calculated from 
measured normal incident transmission. Figure 82 shows the angular 
dependency of the L2, L3 and L5 DSSC glazing devices.  At the University of 
Exeter in Penryn, the incident angle varies from 13 degrees to 82 degrees 
throughout the year. For the month of January, glazing transmission is high 
compared to month of July.  
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Figure 82. Variation of DSSC transmission with solar incident angle 
4.7. Solar factor 
The solar factor or solar heat gain coefficient of a glazing indicates the fraction of 
the entering incident solar radiation into a room after passing through that glazing 
material [243]. It also measures the transmitted solar energy through a glazing. 
This is the sum of the solar transmittance ( )s  and entering infrared radiation ( )iq  
to a building interior [244].  Angular dependent solar transmission from equation 
21 is replaced in equation 26. 
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           (26)       
Angular solar factor (g(θ)) was evaluated using equation 27 
( ) ( ) ( )0 sg g  =    (27) 
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Figure 83.  Variation solar factor with solar incident angle  
 As both conductive glasses are sealed in DSSC, little air gap is present 
between the two glass panes. So, the whole device was considered as a single 
glazing (4.4 mm thickness).  Using equation 27, angular solar factor was 
calculated and shown in Figure 83. External heat transfer coefficient (he) of 25 
W/m2K, internal heat transfer coefficient (hi) of 7.7 W/m2K, and wind speed of 4 
m/s were considered to evaluate the solar factor for the normal incident angle. 
However, due to the angular transmission, this solar heat gain is not achievable 
in DSSC glazing [245].                                        
4.8. Glazing transmission and clearness index 
Glazing transmittance also has a strong correlation with clearness index, and 
knowing this value helps in building energy calculation. To evaluate clearness 
index, the only measured parameter is global horizontal solar radiation. As DSSC 
is considered to be in wide future as one of the future PV glazing materials, its 
angular transmission behaviour variation with clearness index evaluation is 
essential. 
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The relationship between clearness index and glazing transmittance is given by 
equation 28 [241] 
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From equation 21 dir =  when dir =   
dif =  when 
259.68 0.1388 0.001497dif   = = − +  [246] 
g =  when 
290 0.5788 0.002693g   = = − +  [246] 
 
Figure 84. Variation of DSSC transmission with clearness index 
The correlation between clearness index and glazing transmittance was 
evaluated for DSSC glazing and shown in Figure 84. Isotropic diffuse 
transmittance is dominant for clearness index below 0.5, whereas angular 
dependent direct transmission is dominant after 0.5.  For vertical plane DSSC 
glazing, transmittance varies with season, day and time. However, for south 
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facing vertical plane DSSC glazing, single value glazing transmittance of 20% for 
L5, 25% for L3 and 27% for L2 can be chosen throughout the year while clearness 
index is less than 0.5. This study offers a yearly usable single glazing 
transmittance for DSSC glazing, which is advantageous for the building designers 
in northern latitude areas. For others, azimuthal orientation single achievable 
glazing transmission below the threshold clearness index is listed in Table 15. 
Table 15. Yearly usable single transmittance value of DSSCs for different 
transparency, different azimuthal and monthly clearness index 
Inclination 
Azimuthal 
orientation 
Mean 
monthly 
clearness 
index 
Transmittance 
L2 
DSSC 
L3 
DSSC 
L5 
DSSC 
Vertical 
plane 
DSSC 
North 0.7 27% 25% 20% 
South 0.5 27% 25% 20% 
East, West, 
North West, 
North East 
0.6 27% 25% 20% 
 
4.9. Daylight glare analysis 
To identify the daylight glare control potential of these DSSC glazings, theoretical 
analysis using measured outdoor vertical illuminance was employed. Glare index 
calculation is provided for a DSSC glazing for a typical sunny day, intermittent 
day and overcast day in Penryn, UK (50.16° N, 5.10° W). The criteria for sunny, 
intermittent and overcast days are 1. Sunny day- 0-5% opaque cloud coverage, 
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2. Intermittent day- 26-50% opaque cloud coverage, and 3. Overcast day- 88-
100% opaque cloud coverage 
The glazing is considered to be on a vertical south façade. The dimensions of the 
room and glazing position and measuring points are shown in Figure 85. These 
dimensions resemble the DSSC as a large glazed façade, while the internal 
surface of the unfurnished room has white paint (0.8 reflectance) as mentioned 
previously [247]. The glare subjective rating is [248] given by equation 29  where 
EV is the vertical illuminance facing the window (worst case) measured at the 
centre of the room. This SR index allows discomfort glare estimation experienced 
by subjects when working at a visual daylight task (VDT) placed against a window 
of high or not uniform luminance. The reason for selecting this index is the 
engagement of only one photo sensor which can save time and cost. The criterion 
scale of discomfort glare subjective rating is given in Table 16. This method also 
allows the non-intrusive measuring equipment necessary for scale model 
daylighting assessments [249,250]. 
0.310.1909 vSR E=    (29) 
 
Figure 85. Schematic cross section of a room with DSSC glazing place on 
vertical south facade. 
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Table 16. Criterion scale of discomfort glare subjective rating (SR) 
Comfort level indicator Glare subjective rating (SR) 
Just intolerable 2.5 
Just disturbing 1.5 
Just noticeable/ accepting 0.5 
 
Glare analysis was performed using equation 28. Wavelength dependent 
spectrum data for double glazing was collected from Ghosh et.al. [224]. 
Illuminance data was recorded for south facing vertical plane on the roof of the 
ESI building in Penryn, UK (50.16° N, 5.10° W) using the illuminance sensor from 
MESA. Figure 86, Figure 87 and Figure 88 show the daylight control potential 
using three different transparent DSSCs and a double glazing for a typical clear 
sunny day, intermittent cloudy day and overcast day respectively. Around mid-
day, all types of glazings allowed an excessive amount of light which creates 
disturbing glare on a clear sunny day. Despite this, all the glazings allow 
excessive light which creates disturbing glare, 21% reduction in glare subjective 
rating is observed for the 37% transparent DSSC glazing compared to double 
glazing on a clear sunny day. Glare reduction is less in all the DSSC glazings for 
intermittent cloudy and overcast days as well. The glare subjective rating for a 
typical sunny, intermittent cloudy and overcast day for different glazing types are 
compared in Table 17.  
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Figure 86. Daylight glare index of transparent DSSC and double glazing for a 
typical clear sunny day at Penryn, University of Exeter 
 
Figure 87. Daylight glare index of transparent DSSC and double glazing for an 
intermittent day at Penryn, University of Exeter  
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Figure 88. Daylight glare index of transparent DSSC and double glazing for a 
typical cloudy day at Penryn, University of Exeter 
Table 17. Comparison of glare subjective ratings for a typical sunny, 
intermittent cloudy and overcast day for different glazing types 
 
Weather 
Glare subjective rating (SR) @ mid-day 
Double 
Glazing 
L2 DSSC L3 DSSC L5 DSSC 
Clear sunny day 5.70 5.10 4.95 4.50 
Intermittent cloudy 
day 
4.30 3.75 3.70 3.40 
Overcast day 3.80 3.40 3.35 3.10 
 
4.10. Conclusions 
The colour rendering index (CRI) and correlated colour temperature (CCT) of 
transmitted daylight through a DSSC glazing is an essential parameter for 
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building interior space comfort. In this chapter, different transparent DSSCs were 
fabricated using different TiO2 electrode thickness. CCT and CRI for all the DSSC 
glazings were calculated. It was found that 53% and 50% transparent DSSCs 
offered achievable CRI and CCT. The results of 53% transparent DSSC were 
compared with vacuum and double-glazing. Vacuum and double-glazing, which 
have higher transparency than DSSC, offered only 2.7% higher CRI and CCT 
values near to overcast sky. Even though 53% transparent DSSC offered best 
CRI and CCT, 37% transparent device offered the best efficiency. So, the devices 
higher than 50% transparency (L2, L3) and electrically the most efficient device 
(L5) were chosen for further analysis. The angular transmission of DSSC glazing 
for three different transparencies (L2, L3, L5) were investigated and finally the 
solar factor was calculated. It was found that, for Penryn location (50.16° N, 5.10° 
W) solar factor was higher in January than July. Using clearness index and 
glazing transmission correlation, one single yearly usable glazing transmission 
for different azimuthal direction was evaluated. Finally, daylight glare analysis of 
DSSC glazing was carried out and compared with double glazing. For a clear 
sunny day, 21% more glare can be reduced than double glazing using 37% 
transparent DSSC glazing. Since the effect of device temperature does not have 
a significant impact on the performance much, long term stable DSSC glazing 
system could replace the double-glazing in the future. 
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Chapter 5:  Performance of semi- transparent dye-sensitised 
solar cells under concentrated light 
After analysing the results in the previous chapter, it has been found that 
semi- transparent dye-sensitised solar cells (DSSCs) can be coupled within a 
building’s architecture to provide daylighting and electrical power simultaneously. 
However, the performance loss in large area DSSCs has been a long-term issue. 
In this chapter, the relationship between the transparency and performance of 
DSSCs is studied by changing the TiO2 electrode thickness. A Low concentrator 
with 3× optical concentration was designed and employed to study the effect of 
light concentration on DSSCs. Moreover, a systematic study of the temperature 
dependency on the performance of bare DSSCs and those coupled with LCPV 
system has been carried out. In addition to that, both bare and concentrator 
coupled DSSCs have been tested under different light intensities. 
This chapter is based on the following published articles 
1. P. Selvaraj, H. Baig, T.K. Mallick, J. Siviter, A. Montecucco, W. Li, M. Paul, 
T. Sweet, M. Gao, A.R. Knox, S. Sundaram, Sol. Energy Mater. Sol. Cells 
2018, 175, 29. 
2. P. Selvaraj, H. Baig, T.K. Mallick, S. Sundaram, Mater. Lett. 2018, 222, 
78. 
5. 1. Introduction 
Even though DSSCs have achieved PCEs over 14% [251,252] with a small 
active area, the power output decreases with an increase in the cell active area 
of the photoanode [253]. This is due to some unfavourable issues such as  non-
homogeneous and non-uniform titania layers because of large area deposition, 
dye sensitisation and electrolyte filling issues and electrical interconnection of 
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individual cells [125]. However, the performance loss during scale up can be 
addressed by coupling optical concentrators with small DSSC. Concentrating 
Photovoltaic (CPV) systems make use of optical components which concentrate 
the incoming sunlight and focus it on solar cells. The concentrated light reaching 
the solar cell increases the energy production several times [129,254,255]. As 
mentioned earlier, based on the light illumination intensity it focuses on the solar 
cell, the concentrators may be classified as low concentration systems, medium 
concentration systems and high concentrator systems. Low concentration 
systems are usually simple in their design, manufacture and operation. These 
systems have a concentration factor of less than 10× [65]. Due to its versatility in 
applications and geometries, a type of low concentrator - the compound parabolic 
concentrator (CPC) is used in low and medium temperature ranges [256]. Since 
DSSC performance is very sensitive to its operating temperature, A low 
concentrator with 3× optical concentration is used in this work. 
5. 2. Experimental Methods 
5.2.1. DSSC Fabrication 
 Fabrication methods of the working electrodes and the corresponding 
devices are given in the chapter 2.  
5.2. 2. Low Concentrator fabrication 
Figure 89. shows the fabrication of the concentrator with a geometrical 
concentration factor of C=4×. The concentrator was printed into two halves 
(Figure 89. (a)), reflective film (94%) was adhered on the CPC surface (Figure 
89. (b)), and the two halves were assembled together as shown in (Figure 89. 
(c)). The concentrator was placed on top of the solar cell for testing. (Figure 89. 
(d)) 
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Figure 89. Fabricated low concentrator. (a) one half of the printed concentrator, 
(b) adhered reflective film, (c) assembled concentrator used for this work and, 
(d) low concentrator coupled DSSC 
5.2.3. Device characterization 
In an indoor controlled environment, the CPV unit was tested to evaluate the 
impact of radiation intensity. Under the same condition, the DSSCs were 
characterised as mentioned in the chapter 2. The temperature of the devices was 
recorded using an OMEGA RDXL 12SD temperature recorder. Finally, the 
concentrator unit was placed on the DSSC to perform DSSC-LCPV 
measurements. 
5.3. Photovoltaic performance of the devices 
5.3.1. PV performance of the bare DSSCs 
As discussed in the previous chapter, when the thickness of the electrode 
increases, the transmittance of the solar cell gradually decreases.  Meanwhile, 
when the TiO2 layer thickness was increased from 3.5µm to 10 µm an obvious 
increase of Jsc from 7.36 mA/cm2 to 12.75 mA/cm2 was occurred in the 
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corresponding devices, resulting in a corresponding improvement of efficiency 
from 2.51% to 5.93%. The current density-voltage (J-V) curves of the devices are 
shown in Figure 90.  
 
Figure 90. Photocurrent density-voltage (J-V) curves of the bare DSSCs based 
on different TiO2 thicknesses. 
Generally, more dye molecules attached to the thick TiO2 films absorb 
more light, leading to low transmittance, also thick films physically block/absorb 
the light [232]. Conversely, the photovoltaic performance decreased after 10 µm 
thick TiO2 with further increase in titania layer thickness (12µm, 14 µm) [257–
259]. In common, increasing the thickness of TiO2 layer can enhance the light 
harvesting and improve the device performance in DSSC, but which does not 
agree with J-V test results for devices L6 and L7. For that reason, too thick TiO2 
layers increase the length of the electron pathways, and thus decrease FF and 
Voc and, in extreme cases, even Isc.[260] .The photovoltaic parameters of the 
devices with different TiO2 thickness are given in Table 18. 
 Table 18. Photovoltaic parameters of the bare cells based on different TiO2 
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thicknesses under an illumination of 1000 W/m2 (AM 1.5 G). 
Device TiO2 
thickness 
(µm) 
Jsc 
[mA/cm2] 
Voc 
[mV] 
FF 
[%] 
Pmax 
[mW/cm2] 
η  
[%] 
L2 3.5 7.36 733 46.6 2.48 2.51 
L3 6.0 11.14 756 54.0 4.46 4.49 
L4 8.0 12.42 746 56.2 4.99 5.02 
L5 10.0 12.75 793 58.7 5.87 5.93 
L6 12.0 11.81 763 59.0 5.10 5.15 
L7 14.0 8.28 742 56.6 3.22 3.24 
 
5.3.2. Performance loss in scaled-up DSSCs 
 In order to use DSSCs as building integrated photovoltaic element, the 
devices need to be prepared as transparent as possible especially for window 
applications. Due to this, scaling up of DSSC has become an important process 
even though it has associated with different issues. Here, 1.1 cm2 active area 
DSSC device with 10 µm titania thickness and 37% transparency was fabricated 
under the same conditions to study the performance of a 4× scale-up device 
(Figure 91). 
 
Figure 91. Fabricated L5 devices. (a) Small active area bare DSSC and (b) 
Scaled-up device. 
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 Figure 92. (a, b) shows the current density -voltage and power density -voltage 
behaviour respectively for device with an active area of 0.28 cm2 and 1.1 cm2 (~4 
times larger area than 0.28 cm2). The output power P of a solar cell is given by 
current times voltage (P=I.V). At a given IV point, P can be visualised by drawing 
a square, its area is equal to the output power at that point. Figure 92 (b) provides 
the power output of the both DSSC devices per unit cross-sectional area 
whereas, current density figures shows the amount of electric current flowing per 
unit cross-sectional area of both the devices.   The short circuit current of 1.1 cm2 
active area device is higher than the small area device (Table 19). However, the 
current density and power density of the scaled up DSSC is much lower than the 
small area devices. Due to the high sheet resistance, which causes Ohmic loss 
and further leads to a significantly reduced fill-factor and efficiency of the scaled-
up devices[261].  
 
Figure 92. Comparison of (a) current density-voltage curves, and (b) power 
density-voltage of the small area bare cells, coupled with LCPV and scaled up 
device. 
Table 19. Photocurrent density - voltage (J-V) parameters of the bare cells and 
scaled up device under an illumination of 1000 W/m2 (AM 1.5 G). 
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Device 
Isc 
[mA] 
Jsc 
[mA/cm2] 
Voc 
[mV] 
FF 
[%] 
Pmax 
[mW/ cm2] 
η 
[%] 
L5- 0.28cm2 3.60 12.75 793 58.7 5.87 5.93 
L5- 1.1 cm2 7.76 6.93 773 49.3 2.96 2.64 
 
5.3.3. PV performance of the low concentrator coupled DSSCs 
The LCPV system was placed on DSSCs to understand the photovoltaic 
performance of DSSCs under concentrated light. Figure 93 and Table 20 show 
the photocurrent density-voltage characteristics and the photovoltaic parameters 
of the DSSCs coupled with the low concentrator system. It is clear from the Table 
20 that Jsc of the devices coupled with the concentrator increased with the TiO2 
electrode thickness then starts decreasing after 10 µm which is due to long 
electron diffusion length. Device L5C has the highest Jsc of 23.16 mA/cm2, which 
is 82% higher than the corresponding bare device. Increase in the short circuit 
current is due to the concentrated light. Like silicon solar cells, open circuit 
voltage of DSSC increases logarithmically with light intensity according to the 
equation below, 
Voc
′ = Voc +
nkT
q
ln X                                                                                       (30) 
where X is the concentration of sunlight [262]. 
Although fill factor decreased for all the devices compared with the bare cells, 
which could be due to more electron recombination, but the overall photovoltaic 
performance increased for all the devices coupled with the low concentrator.  
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Figure 93. Photocurrent density-voltage (J-V) curves for the low concentrator 
coupled devices based on different TiO2 thicknesses. 
Table 20. Photovoltaic parameters of the cells based on different TiO2 
thicknesses with low concentrator under an illumination of 1000 W/m2 (AM 1.5 
G). 
Device 
Jsc 
[mA/cm2] 
Voc 
[mV] 
FF 
[%] 
Pmax 
[mW/ cm2] 
η 
[%] 
L2C 14.86 757 34.4 3.89 3.90 
L3C 19.55 782 42.7 6.55 6.60 
L4C 19.96 775 45.6 7.08 7.12 
L5C 23.16 816 46.2 8.74 8.82 
L6C 20.48 794 47.3 7.68 7.77 
L7C 11.63 774 53.5 4.63 4.69 
 
 The photovoltaic performances of bare and concentrator coupled DSSCs 
with respect to TiO2 film thickness are compared in Figure 94.(a-d). It is clear that 
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the concentrator coupled devices perform better than their bare counterparts. 
From the comparison, device L5 with 10 µm TiO2 thickness is found to be the 
best of all devices with 5.9% and 8.8% PCE for bare and concentrator coupled.  
 
Figure 94. Comparison of performance parameters with different working 
electrode thickness for bare and low concentrator coupled devices. 
5.3.4. L5 scaled up Device vs L5 low concentrator Coupled Device 
Figure 95 and Table 21 compare the detailed current- voltage behaviour for 
device L5 with an active area of 0.28cm2 bare device (L5), 0.28cm2 device 
coupled with LCPV system and scaled up 1.1 cm2 device. The digital images of 
the fabricated devices are presented in Figure 96.  From the comparison between 
the L5 scaled-up device and low concentrator coupled one, the concentrator 
coupled device has slightly lesser current value due to the losses in reflective 
film. The short circuit current of 1.1cm2 active area device is higher than the other 
devices.  On the other hand, the current density of the concentrator coupled 
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device is much higher than the scaled-up device which increases the overall 
performance. From the above comparison L5 has been found as the best 
performing device. Therefore, device L5 has been taken for further analysis.  
 
Figure 95. Comparison of (a) I-V, and (b) J-V curves of the small area bare 
cells, coupled with LCPV and scaled up device under 1 sun illumination. 
 
Table 21. Comparison of the photovoltaic parameters of the small active area 
bare cells, small cells coupled with LCPV and scaled up device under an 
illumination of 1000 W/m2 (AM 1.5 G). 
Device 
Isc 
[mA] 
Jsc 
[mA/cm2] 
Voc 
[mV] 
FF 
[%] 
Pmax 
[mW/ cm2] 
η 
[%] 
L5- 0.28cm2 3.60 12.75 792.7 58.7 5.87 5.93 
L5C- 0.28cm2 6.54 23.16 816.2 46.2 8.74 8.82 
L5 1.1 cm2 7.76 6.93 773.4 49.3 2.64 2.64 
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Figure 96. Digital images of the fabricated devices 
5.3.5. Performance of low concentrator coupled silicon solar cell 
To find the concentrator intensity output, a 0.28 cm2 silicon solar cell was coupled 
with the same low concentrator and its performance compared with the bare 
silicon solar cell (Figure 97, Figure 98 and Table 22). There is a significant 
increase in all the photovoltaic parameters. On the contrary to DSSC 
performance, an increase of 7.7% fill factor is observed for the low concentrator 
coupled silicon solar cell. By comparing the current densities, it was found that 
the LCPV system coupled silicon solar cell showed an optical concentration of 
3.05x. 
 
Figure 97. Devices used for Silicon solar cell measurements (a). Bare 0.28cm2 
Si solar cell (b). Si solar cell coupled with low concentrator. 
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Figure 98. Comparison of J-V characteristics of Bare 0.28cm2 Si solar cell and 
Si solar cell coupled with low concentrator.  
Table 22. Photovoltaic parameters of Bare 0.28cm2 Si solar cell and Si solar 
cell coupled with low concentrator under 1 sun illumination. 
Device 
Jsc 
[mA/cm2] 
Voc 
[mV] 
FF 
[%] 
Pmax 
[mW/ cm2] 
PCE 
[%] 
Si-Bare 33.97 485.3 58.7 9.67 9.1 
Si-LCPV 103.75 536.7 66.4 36.92 36.98 
 
5.3.6. Impact of operating temperature on PV performance 
 DSSC performance is very sensitive to its operating temperature as the 
concentrated sunlight generates high temperature due to high light intensity 
[263]. To understand the stability and behaviour of transparent DSSCs at different 
operating temperatures, the best performing device (L5) was tested with and 
without LCPV under 1 sun illumination for 20 minutes. The photovoltaic 
parameters of the devices are given in Table 23. 
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Table 23. Impact of operating temperature on the photocurrent density -
voltage (J-V) parameters of the bare cell (L5) under an illumination of 1000 
W/m2 (AM 1.5 G). 
Temperature 
[°C] 
Jsc 
[mA/cm2] 
Voc 
[mV] 
FF 
[%] 
Pmax 
[mW/ cm2] 
η  
[%] 
28 12.75 792.7 58.7 5.87 5.93 
32 12.89 795.7 58.7 5.96 6.02 
36 13.01 785.3 59.2 5.99 6.05 
40 13.06 777.3 59.4 5.96 6.02 
42 13.09 770.9 59.5 5.94 6.00 
44 13.11 767.5 59.6 5.93 5.99 
46 13.12 766.5 59.7 5.92 5.98 
48 13.12 765.2 59.5 5.92 5.97 
50 13.09 763.4 59.6 5.91 5.97 
52 13.08 762.9 59.7 5.91 5.97 
 
Table 24. Impact of operating temperature on the photocurrent density -
voltage (J-V) parameters of the device coupled with LCPV (L5C) under an 
illumination of 1000 W/m2 (AM 1.5 G). 
Temperature 
[°C] 
Jsc 
[mA/cm2] 
Voc 
[mV] 
FF 
[%] 
Pmax 
[mW/ cm2] 
η  
[%] 
28 23.16 816.2 46.2 8.74 8.82 
32 25.16 821.3 46.0 9.41 9.51 
36 25.35 814.7 48.5 10.01 10.11 
40 25.55 808.1 49.2 9.99 10.09 
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42 23.95 799.7 48.9 9.45 9.54 
44 23.91 796.7 49.9 9.40 9.50 
46 23.86 793.0 50.4 9.27 9.36 
48 21.70 785.3 50.7 8.65 8.66 
50 21.66 782.8 51.0 8.58 8.64 
52 21.60 779.5 51.4 8.57 8.63 
 
Figure 99. Temperature dependence of the DSSC parameters of bare cell (L5) 
and coupled with LCPV (L5C) measured under an illumination of 1000 W/m2 
(AM 1.5 G). (a) Temperature (°C) vs Current density (mA/cm2), (b) Temperature 
(°C) vs Open circuit voltage (mV), (c) Temperature (°C) vs Fill factor, (d) 
Temperature (°C) vs power conversion efficiency. 
 It can be seen from Figure 99. (a) that current density (Jsc) for the bare 
device increases gradually up to 42°C and then starts decreasing. For the device 
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coupled with LCPV, Jsc increases till 40°C and then falls, whereas, Voc increases 
at the start then steadily decreases with temperature for both devices (Figure 99. 
(b)). On the other hand, power density reaches its maximum value at 36°C then 
starts decreasing from 5.99 mW/cm2 to 5.91 mW/cm2 for bare devices and from 
10.01 mW/cm2 to 8.57 mW/cm2 for low concentrator coupled devices. The 
maximum power conversion efficiency is recorded at 36°C (Figure 99. (d)) for 
both the devices. It was found that the devices reached a steady state 
temperature of 52°C after 20 minutes. Both devices show positive and negative 
temperature co-efficient as the power conversion efficiency of both the devices 
increasing till 36°C then start decreasing. Due to high light intensity, the LCPV 
coupled devices obtained higher current density than the bare devices. Thus, the 
overall performance of the solar cells increases even at high temperatures. This 
oscillatory behaviour of the opto-electronic properties may be attributed due to 
the different velocities of the redox processes occurring at the TiO2/dye, 
dye/electrolyte and the electrolyte/counter electrode interfaces of the DSSCs 
[264,265].  
5.4. Charge transfer mechanics in semi-transparent DSSCs under low 
concentration 
As DSSC systems have many interfaces such as TiO2/dye, dye/electrolyte and 
electrolyte/counter electrode, incoming light intensity could influence the 
electronic properties of the devices. When a solar concentrator is coupled, the 
intensity of incoming light becomes higher. Figure 100 illustrates the different 
charge transport processes of the DSSC systems used in this work. In bare small 
area DSSC the electron generation is less due to the less intensity of light. When 
a concentrator is coupled, more electrons are generated which can be seen from 
figure b. Even though the scaled-up device generates and transports more 
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electrons, the active area is four times larger than the small device. The electron 
transport of the concentrator coupled device is similar to the scaled-up device 
with 4x lesser active area.  
 
Figure 100. Schematic illustration of the charge transfer process in (a) 37% 
transparent bare DSSC with small active area (b) 37% transparent DSSC 
coupled with low concentrator and (c) 37% transparent scaled-up DSSC. 
To understand the electronic and ionic process, electrochemical 
impedance spectroscopy  was performed for DSSCs. EIS is a steady state 
method which uses a tiny AC voltage to create a very small perturbation on the 
system. It measures the current response to the application of voltage as a 
function of the frequency [266]. A lot of research has been done on the EIS 
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analysis of the DSSC [189,267,268]. However, effect of concentrated light on the 
charge transport properties of transparent DSSCs has not been focused much. 
This section focuses on the EIS analysis of the transparent DSSCs and their 
concentrator coupled devices. EIS measurements were carried out with an 
Autolab PGSTAT 10 and Z view software was used for data fitting as mentioned 
in Chapter 2.  
5.4.1. Bare DSSCs under dark  
 Figure 101 shows the impedance spectra of the measured bare devices 
under dark and with applied bias (Voc). The first semi-circle represents the charge 
transport at the platinum counter electrode/ electrolyte interface and the second 
semicircle associated with the mid frequency region, corresponds to the charge 
transfer and recombination at the TiO2/dye/electrolyte interface. Generally, a 
larger diameter corresponds to the larger interfacial resistance and higher 
interfacial charge recombination. [190]  
 
Figure 101. (a) Nyquist and (b) Bode plots of the bare transparent DSSCs under 
dark condition in open circuit voltage. Experimental data are shown in the 
symbols, and the equivalent circuit fits are shown in the lines. 
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Comparison of the semicircles indicates that the semicircle diameter 
decreases in the order: L2>L3>L4>L5, implying the reduction of charge transfer 
resistance at the TiO2/dye/electrolyte interface with an increase in the TiO2 
electrode thickness. Since L5 device has the optimum thickness for electron 
diffusion towards the FTO, electron recombination is minimized. This results in 
higher photocurrent for the device L5. However, with further increase in the TiO2 
layer thickness, interfacial charge transfer resistance increases, [269] hence L7, 
L6> L5. Device L6 has slightly higher charge transport resistance than L7 at the 
TiO2/dye/electrolyte, which could be due to the different velocities of the redox 
processes.  
5.4.2. Bare devices under 1 sun light intensity  
 The diameter of the semicircle decreases when light is illuminated on the 
solar cells as shown in Figure 102, which suggests the reduction of resistance in 
the interface. For all the devices, overall charge transfer resistance decreases 
significantly and the resistance at the TiO2/dye/electrolyte interface also 
decreases during the light illumination, which could be due to high electron 
generation. Interfacial resistance decreases with an increase in titania layer 
thickness, which influences in high photocurrent.  
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Figure 102. (a) Nyquist and (b) Bode plots of the bare transparent DSSCs under 
1 sun illumination in open circuit voltage  
The best performing device L5 has an overall charge transfer resistance 
of 51.83 Ω in dark and 22.50Ω in light measuring conditions. Due to low interface 
resistances, the PV performance of L5 devices is better than other transparent 
devices. 
5.4.3. Concentrator coupled DSSCs 
 When the low concentrator is coupled, the charge transfer resistance at 
TiO2/dye/electrolyte interface decreases further, which is due to 3× concentrated 
light. Even though generated photo current is doubled, decrease in charge 
transfer resistance at the interfaces is not much for low concentrator coupled 
devices. This could be because of more electron generation causes more 
electron recombination.  
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Figure 103. (a) Nyquist and (b) Bode plots of the low concentrator coupled 
transparent DSSCs under 1 sun illumination in open circuit voltage 
In contrast to the bare devices, the charge transport resistance for the 
thickest electrode device (L7) is higher than L3 device, this occurs due to the high 
dye loading in the thickest electrode which causes more electron generation due 
to concentrated light, but the long electron pathway makes it difficult for the 
electrons to reach the FTO before recombining with the redox electrolyte. This 
may result in a smaller photocurrent which agrees with the photovoltaic data. 
Nyquist plots and EIS parameters of the devices are given in Figure 103 and 
Table 25. 
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Table 25. Comparison of charge transport parameters of the transparent 
DSSCs under dark, 1 sun light and low concentrated light. 
Device 
Charge transport properties 
Bare DSSC- Dark Bare DSSC- 1 sun 
Low concentrator coupled 
DSSC 
R
s
 
(Ω) 
R
ct 
(Total)
 
(Ω) 
R
ct 
(TiO2/ 
dye/ 
electr
olyte) 
(Ω) 
R
s
 
(Ω) 
R
ct 
(Total)
 
(Ω) 
R
ct 
(TiO2/
dye/e
lectro
lyte) 
(Ω) 
η 
[%] 
R
s
 
(Ω) 
R
ct 
(Total)
 
(Ω) 
R
ct 
(TiO2 
/dye/ 
electr
olyte) 
(Ω) 
η 
[%] 
L2 24.89 144.09 108.03 21.78 82.12 35.57 2.51 21.68 76.44 32.77 3.90 
L3 24.25 108.87 98.15 21.03 53.79 37.51 4.49 21.25 28.78 17.51 6.60 
L4 22.13 68.36 57.95 24.25 25.70 17.22 5.02 22.25 19.56 13.49 7.12 
L5 21.09 51.83 44.23 20.67 22.50 16.02 5.93 20.11 17.58 11.83 8.82 
L6 19.17 87.18 83.22 17.96 34.09 26.82 5.15 17.92 17.02 12.49 7.77 
L7 17.45 90.98 81.70 17.29 44.08 30.09 3.24 17.25 43.48 32.10 4.69 
 
5.4.4. Scaled-up device- Comparison with  concentrator coupled device 
Nyquist and Bode plots (Figure 104) show that the contact resistance (Rs) of the 
scaled-up device is higher than the small active area devices. On the other hand, 
the overall charge transfer resistance is significantly lower for the large area 
device, which could be due to more electron generation. More dye molecules in 
the active area helps the scaled- up device to generate more electrons which is 
evident from its photocurrent value. Charge transfer resistance at 
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TiO2/dye/electrolyte interface decreases from 16.02Ω to 11.83Ω for small area 
device when it is coupled with a low concentrator. For the scaled-up device this 
resistance is much lower which is 6.92Ω. Even though the interfacial resistance 
is minimum, yet the overall efficiency is 2.64% for the scaled-up device as seen 
in the previous section.  
 
Figure 104. Comparison of (a) Nyquist and (b) Bode plots of the different L5 
transparent DSSCs  
 
Figure 105. Equivalent circuit used in Z view for fitting all the EIS data.  
Where,  
Rs is the sheet resistance of the TiO2 electrode 
R-CE is the resistance at the electrolyte/counter electrode interface 
Rrec is the resistance at the TiO2/dye, dye/electrolyte interface 
CPE1 and CPE 2 are constant phase elements  
    
Rs R-CE
CPE1
Rrec
CPE2
Element Freedom Value Error Error %
Rs Free(±) 22.99 0.27668 1.2035
R-CE Fixed(X) 0 N/A N/A
CPE1-T Fixed(X) 0 N/A N/A
CPE1-P Fixed(X) 1 N/A N/A
Rrec Fixed(X) 0 N/A N/A
CPE2-T Fixed(X) 0 N/A N/A
CPE2-P Fixed(X) 1 N/A N/A
Chi-Squared: 0.12489
Weighted Sum of Squares: 9.1168
Data File: C:\Users\ps364\Dropbox\DSSC- CPV\Impedan
ce\1.1 cm2 impedance\1.1 Tr L 0.75 V
Circuit Model File: C:\Users\ps364\Dropbox\DSSC- CPV\Impedan
ce\1.1 cm2 impedance\1.1 Tr L 0.75 V.. M
DL.mdl
Mode: Run Fitting / Freq. Range (0.001 - 1000000)
Maximum Iterations: 100
Optimization Iterations: 0
Type of Fitting: Complex
Type of Weighting: Calc-Modulus
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5.5. Performance of low concentrated transparent DSSCs under 
different light intensities 
It has been already proved that, the incoming light intensity affects the 
photovoltaic performance of DSSCs significantly. As DSSCs photovoltaic 
performance is better than silicon solar cells under low light intensities, it is 
important to understand the effects of incoming light intensity in order to maintain 
the optimum operating conditions for the concentrator coupled DSSCs in practical 
application environments [270]. In this experiment, I systematically investigated 
the conditions for satisfactory photovoltaic performance of DSSCs in various 
light-intensity environments. A transparent DSSC with a conversion efficiency of 
5.41 (under 1 sun light condition) was fabricated for this study. Light intensity was 
controlled by EKO MP-160i I–V Tracer software. The devices were tested from 
1000 W/m2 to 400 W/m2 light intensities.  
5.5.1. Bare DSSCs 
  
Figure 106. Photocurrent density-voltage (J-V) curves of the bare devices under 
different light intensities 
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Figure 106. depicts the current density- voltage characteristics of the bare 
devices. It is observed from the Table 26. that, current density of the device 
decreases when the light intensity decreases. Not much difference is observed 
in open circuit voltage since VOC is given by the difference of the Fermi level of 
electrons in the titanium dioxide and the redox potential of the liquid electrolyte. 
So, light intensity doesn’t have much role to play in deciding open circuit voltage 
of the devices. Interestingly, the fill factor goes up to 69% from 55.3% when 
intensity is decreased from 1000 W/m2 to 400 W/m2. This happens because, 
under low light intensity the devices  have enough time to complete the redox 
reactions in the device interface. This the overall power conversion efficiency is 
improved from 5.41 % to 6.30% for the applied lowest intensity. All the 
photovoltaic parameters for the bare devices are given in Table 26.   
Table 26. Comparison of photocurrent density - voltage (J-V) parameters of the 
bare cells under different light intensities. 
Light 
intensity 
(W/m2) 
Jsc 
[mA/cm2] 
Voc 
[mV] 
FF 
[%] 
η [%] 
1000 12.10 843 55.3 5.41 
900 10.78 839 58.4 5.70 
800 9.60 832 59.6 5.89 
700 8.25 824 61.4 5.99 
600 6.91 816 63.5 6.06 
500 5.70 802 65.8 6.24 
400 4.40 796 69.0 6.30 
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5.5.2. Low concentrator coupled DSSCs 
Following the measurement of the bare cells, the same concentrator was 
coupled, and the devices were tested. As shown in Figure 107, J-V characteristics 
are similar to the bare devices. An increase conversion efficiency is observed, a 
little drop in Voc and the current density is decreased by 52% for the lowest light 
intensity to 8.58 mA/cm2 from 18.05 mA/cm2 for 1 sun illumination. 
  
Figure 107. Photocurrent density-voltage (J-V) curves of the concentrator 
coupled devices under different light intensities 
An increase in fill factor is seen but compare to the bare devices the 
number is small. This could be due to more electron recombination as the 
concentrator improves the intensity up to 3x. But the overall photovoltaic 
conversion efficiency is increased from 7.81 % for 1000 W/m2 to 11.47 for 400 
W/m2 which is 47% improvement. All the photovoltaic parameters for the 
concentrator coupled devices are given in Table 27.   
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Table 27. Photocurrent density - voltage (J-V) parameters of the low 
concentrator coupled devices under different light intensities 
Light 
intensity 
(W/m2) 
Jsc 
[mA/cm2] 
Voc 
[mV] 
FF 
[%] 
η [%] 
1000 18.05 859 52.2 7.81 
900 17.50 854 51.2 8.38 
800 16.40 849 50.3 8.88 
700 14.99 841 50.2 9.57 
600 12.80 834 51.0 9.97 
500 11.08 820 52.4 11.00 
400 8.58 814 56.0 11.47 
 
The photovoltaic performances of the bare and concentrator coupled 
DSSCs under different illumination intensities are compared in Figure 108. It is 
clear that the DSSCs perform better under low light conditions even when the 
optical element is coupled.  This makes them an excellent candidate for building 
applications. This system could also be used for indoor applications as well [271].   
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Figure 108. Figure Comparison of performance parameters of the bare and low 
concentrator coupled devices under different light intensities 
 As liquid electrolyte based DSSCs have concerns of solvent leakage and 
corrosion problems in the long-term process, coupling concentrators with solid 
state DSSCs is an option. Moreover, high efficient sensitiser such as porphyrin 
could be used to achieve high photovoltaic performance devices. Nevertheless, 
the energy payback time of DSSCs is much lower compared with silicon solar 
cells [137], and in addition, the low concentrators can be fabricated with low cost 
materials which makes this system even more economically feasible. 
5.6. Conclusions 
A low concentrator with 3× optical and 4× geometrical concentration was 
designed and employed on the devices, and the relationship between the 
transparency and performance of the devices has been understood. It has been 
found that the photovoltaic performance of the devices increases with the 
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thickness of the mesoporous TiO2 electrode.  Due to long electron diffusion length 
of high thickness devices, their pv performance decreases. In an indoor 
environment, the performance of transparent DSSCs coupled with low 
concentrator photovoltaic system was studied. The results show that the overall 
performance of the LCPV system coupled devices is more than 50% higher than 
the bare DSSCs. To estimate the impact of operating temperature of the devices 
due to the addition of 3× concentrating light, the devices were measured under 
different temperatures for both bare and concentrator coupled cells. The results 
obtained demonstrate that the LCPV system coupled device stability is similar to 
the bare devices. EIS results show that high light intensity reduces the interfacial 
resistances and improves the performance of DSSCs. Finally, both types of 
devices were tested under different light intensities from 1000 W/m2 to 400 W/m2. 
It has been found that the devices work well in low light conditions. All the above 
findings will offer useful insights into solve the scaling up problem of DSSCs using 
solar concentrators for efficient and environmentally friendly solar cells. 
Therefore, this system can be economically compatible with common Si solar 
cell-based systems, which could lead in to the application of building integrated 
concentrated photovoltaics to get electricity and day lighting simultaneously. 
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Chapter 6: Conclusions and future perspectives 
Each chapter of this thesis has contained its own detailed discussion. This 
chapter summarises the main findings and discusses the unifying themes and 
wider implications as well as future perspectives. 
6.1. Conclusions 
The objective of this thesis was to further investigate the wider applications of 
dye-sensitised solar cells. A literature review was performed to understand the 
working mechanisms and the current research trends in DSSCs. Several novel 
research opportunities were identified from the literature review and three 
different disciplines (new materials, glazing properties and solar concentrators) 
were covered. 
 Firstly, the operating process of the DSSC is greatly dependent on the 
individual component properties and the interplay between them, requiring 
systematic analysis to gain insight into the inherent complexity of the system. To 
achieve a more fundamental understanding of the device mechanisms of dye-
sensitised solar cells, three simple and low-cost new materials for cost effective 
DSSCs were introduced. The photovoltaic performance of the synthesized 
mesoporous TiO2 devices is significantly higher than the commercial P25 titania 
electrode devices. The highest power conversion efficiency of 6.08% with a photo 
current density of 12.63 mA/cm2 was achieved because of enhanced light 
harvesting, which is due to the high surface area. Additionally, the new m-HRD-
1 sensitiser-based device achieved 20% more short circuit current due to the 
more effective anchoring of the dye molecules. Moreover, m-HRD-1 was stable 
up to 270°C, compared to N719’s 270°C.  Furthermore, The CZTS counter 
electrode DSSC showed a promising power conversion efficiency of 3.91%. Even 
163 
 
though this is lower than the standard Pt electrode device, the cost effectiveness 
of this electrode makes it a potential candidate for large scale DSSC applications. 
As evident from the results summarized here, it is necessary to understand the 
specific factors and parameters which can affect the photovoltaic performance to 
achieve highly efficient and low cost DSSCs.  
 From the literature review, it was identified that DSSCs could be used as 
BIPV material. In order to investigate DSSC glazing’s colour and glazing 
properties under different environmental factors, semi-transparent DSSCs were 
fabricated and analysed.  It was found that, the transparent DSSCs offer only 
2.7% lower CRI and CCT values than the vacuum and double-glazing. In south 
west UK (Penryn, UK - 50.16° N, 5.10° W) the solar factor was higher in January 
than in July. Moreover, on a clear sunny day, 21% more glare can be reduced 
than double glazing using 37% transparent and 6% power conversion efficient 
DSSC glazing. 
 From the results, it was found that semi-transparent DSSC is a potential 
glazing system for new or retrofit windows. Building engineers and architects will 
be able to benefit from these results to design a new low energy or retrofit building 
with DSSC glazing.  
 From the chapter 4 results and literature review, it was understood that it 
is important to have large area DSSC panels for building integrated applications. 
However, the performance loss in DSSC scale up is one of the challenges that 
the scientific community is facing. A low solar concentrator was introduced for 
DSSC in this chapter.The photovoltaic performance of the bare semi-transparent 
devices was studied and the relationship between the transparency and PV 
performance was understood. 
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 The photovoltaic performance of the devices increases with the thickness 
of the photoanode until a certain point, then for high thickness devices it starts 
decreasing, which is due to long electron diffusion length. The overall 
performance of the concentrator coupled devices was more than 50% higher than 
the bare DSSCs. Interestingly, an increase of 67% in power conversion efficiency 
was observed at 36 °C for the concentrator-coupled device under 1 sun 
illumination. Moreover, under different device operating temperatures, the low 
concentrator system coupled device stability was similar to the bare one. From 
the impedance studies, it was found that high light intensity reduces the interfacial 
resistances and improves the performance of semi-transparent DSSCs 
 All the above findings will provide useful insights into solving the scaling 
up problem of DSSCs using solar concentrators. Since the effect of device 
temperature does not have a significant impact on the performance, a long term 
stable DSSC glazing system could replace the double-glazing in the future. 
However, further work is needed to unlock the full potential of DSSCs, some 
suggestions which have been understood from the literature are given in the next 
section. 
6.2. Future perspectives 
 Since this work has shown how solar concentrators could be used to 
improve the photovoltaic performance of the DSSCs, it is hoped that this work will 
trigger further work on applying concentrators for other emerging solid state solar 
cells such as perovskite and organic solar cells.  
• Medium and high concentrators with 10- 100×  optical concentration  could 
be used for further improvement in photovoltaic performance.  
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• More outdoor studies need to be carried out by coupling the solar 
concentrators on third generation solar cells. 
• These concentrators could be coupled with flexible DSSCs for indoor 
applications, as DSSCs work well in low light conditions. 
• Device stability is obviously an important consideration for photovoltaic 
technologies as the longer the photovoltaic system operates, the lower is 
the total cost. Therefore, more outdoor device stability studies need to be 
carried out in order to apply this technology for building integrated 
applications. 
 Implementing this kind of new solar technology could be the way forward 
to achieve the goal of the Paris climate change agreement of reducing the GHG 
emission to keep the global warming well below 2°C. Moreover, adopting this 
technology could reduce the building energy consumption and provide energy 
access to the 20% population of the world that still live without electricity. 
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